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INTRODUCT I ON

This is the last quarterly, and annual summary report on the‘sybjedt con-

tract for the year July 1973 - July 1974, In the ensuing sections, the hack-
ground of the study is synopsized, the year's objectives described, aﬁ"ﬁ;he

ke
LA

results summarized. Details of newly-completed results are attached as ap-
pendices, which make up the bulk of the report. Following the summary of '
results, a short commentary and a recommendations section complete the docu-

_ ment.
BACKGROUND

Purpose. The existihg program (NASW-2398) has basically a twofbld purpose.
First, to test the validity of a suggested model according to which Pc 3 micro-
pulsations are excited by magnetosheath field {and plasma) fluctuations
arising in the obligue structure of the subsolar bow shock; second to con-
tinue and expand a previous study of the influence of solar wind plasma

parameters, particularly ambient field direction, on local bow structure.

Micropulsations. Certain micropulsations, especially Pc 3 (period range

10-45 sec), have shown strong correlation of their various characteristics
with solar wind features. These correlations, together with the results on

ﬁfféld~dependent shock and sheath structure obtained by the present investiga-

tor, led to his suggesting a mechanism whereby the interplanetary fie]dégsw

should strongly influence the excitation of P¢™3 at the magnetopaus%ﬁhhéﬁ;jt

. s
aligns itself with solar wind velocity !SW’ thus causing large amplitudy waves

at the subsolar point of the shcok. The waves should be conveyed to the mag-

netopause by the pattern of solar wind flow in the hagnetosheath. Additional
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factors expected to contribute to the postulated model are thermal-to-fleld

energy ratio B and solar wind mach number M.

Shock Structure. Collisionless plasma shock structure.is determipgd in

all scale lengths by the three plasma parameters, or, more precisely, tH; three
classes of plasma parameters B, M, and BnB’ denoting the thermal-to-field

energy ratio, mach number, and field-to-shock normal angle, respectively (Tidman
and Krall, 1971). We say clsses of parameters because different cgnstﬁtuenfs

of the plasma may have different R's and different wavemodes may haVelseparate
M's, some dependent in turn on enB' A full desﬁription of shock=structural
processes can be arrived at with multiple satellite measurements only if the

effect of each of the relevant parameters can be isolated.

This study has emphasized the use of simultaneous data from two or more
spacecraft and, recently, from multiple diagnostics, to evaluate the geometri-
cal fac;or enB’ or, more precisely in some cases, its B~X equivalent, and the

principal plasma parameters.

OBJECTIVES AND APPROACH

In broad terms, the aim of the past year's effort hag been,-first, to
find data that confirm or confute the investigator's sugggétgon that Pﬁ:é
micropulsations are ekcited by shock-generated oscillations, and, secondj to
advance the study of shock and magnetosheath structure in general by &Bklng
advantage of .the numerous |nstanfe9 in which simultaneous data from tQ&ﬁor
'_more spacecraft have been recorded near the bow shock. Mpre SpeleIC ObJEC'

" ‘tives have been tallored to the opportunities that have becg@é;available from

time to time to make meaningful headway in a complicated Investigation requiring

cooperation by other, sometimes many, researchers.
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The micropulsation side of the investlgation began with two specific ob~
Jjectives: 1. to ﬁontinue seeking verification of the postulated model by
visual inspection of Explorer 35, lnuvik, and Tungsten records for a pérticu-
lar interval in 1969, and 2. to move toward a more mechanical, objective, and
detailed method of evaluating solar-wind surface relationships to establish a
physical link underlying the relationships that might emerge. At the outset
it was believed that visual verification (or contradiction) of the model would
eventually provide at least a satisfactory beginning and a guide to-fuﬁiher
analysis. By the end of the year, it had been decided that reliance on‘v}sual
evaluation of mjcropulsation recordings, even by experts, was subjective and
unreliable and should probably be abandoned. The new specific osje;tiveHWas
creation of a computer program that would transform large gquantities of inter-
planetary field data into the appropriate varlables and plot these on 6ptional
time scales for eventual comparisoh with any accessible micropulsation data in
spectral form, beginning with a set of records belng prepared by John 0lson at

the University of Alberta.

The shock-structure aspect of the investigation started out to gxamine*
the effect on the bow shock of various plasma parameters and to seek sorie ex-
planation for the success of ip in predicting quasi-parallel structure with
p=1.6 (GreenstadtJ4T972}. Largely through collaboration with V. Fcrmiséppl‘
the examinationﬂo%?;arameter-dependent structure has been extremely éuccessful,
and the year ended with a major program underWay'to catalogue shock mquhoiogy

and to préduce detalled documentation on each ldentlflable structur 

using 0GO 5 s high resolution, multidiagnostic data as the principal ‘¢6lir ce

of shock observations. The study of lp geometry, meanwhile, produced a first-
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order view of the geometrical context in which protons reflected from, and

energized by, the shock can escape upstream.

RESULTS

Micropulsations

Preliminary Visual Surveys. Hourly averages of HEOQS 1 interp]anetary

field and plasma parameters were obtained for some selected intervals in f969
from ¥. Formisano. The ébproprjate geomet;icaf field quantities,_en&;

cos enB, were computed from these where necessary and compared wjtﬁ hicropul—
sation spectrograms taken at lnuvik, a presumably ideal auroral zone station,
and six other stations, during a fifteen-day interval of Decembér 69. The
spectrograms were obtained from R. R. Heacock of the Geophysicél Institute

at the University of Alaska.

The results were disappointing, for no apparent correlation was fouﬁd.
The results were also puzzling, however, since a paper was gfven at the
September 73 Kyoto meeting by Nourry and Watanabe asserting hot only that
they have copfirmed Troitskaya's published result, which was consistent With
the model ‘of the present investigator, bqt'fhat their correlation was oné-
. for-one. Moreover, their micropulsafiph=§tétion was not even ét aurorai”h&ti*i

tudes, where P¢ 3 should be most apqueﬁt, according to postulate.

Several possible explanatiohs of the above discrepancy came to mfnd.
The twd most important were: (F) contrary to the investigators' expectdtion,
auroral latitudes are not the best for seeking the pqﬁ%ulated_correlgtion;:and

(2} the spectrograms, recorded on a scale most suitable for exhibiting shorter

period pulsations (Pi 1), simply did not display Pc 3 events properly, if at all.
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Reprocessing the Inuvik records by Heacock reinforced the suspicion that
his sonograms complicated rather fhan simplified the initial correlation effort
being attempted. Three versions of the same sonograms differing only in their
processing technique produced three apparently different Pc 3 behaviorisms.
Further development of recording technique would be required before the College

records could be routinely applied to this correlation study.

Meanwhile, a visual evaluation of UCLA's Tungsten induction coii records
for 1-15 December 69 was made {in collaboration with Carlene Arthur aﬁd Bob
McPherron), and a statistical summary obtained. Subjectively, there did appear
to be a class of pulsations sometimes in the Pc 3, sometimes in the Pc 4 range,
whose appearance was correlated with solar wind field-flow alignment. The
latter was also evaluated visually from Explorer 35 interplanetary field recérds.
The statistical summary verified part of this correlation: Pc b definitely oc-
curred preferentially when the field-flow angle BVB’ approximated in practice
by eXB’ was close to zero. Seventy percent of the hours when Pc 4 were de-

tected, the field B_,, was oriented within 36%7 of both the ecliptic plane and

~SW
the solar azimuth. Latitude and longftudes of st jointly within this limit
correspond to conditions for irregular, quasi-parallel shock structure at the

subsolar point of the bow shock. Half the Pc 4 hours corresponded to 8,

within 18%4 of .the solar azimuth.

Figure ! summarizes the results projected onto the ecliptic plane, with

%gplar and antisolar field directions combined¥-¥%6h graph represent%éa'

pulsation condition, the fraction of measured directions of_gsw that i

various sectors during hours in which the condition applied. - At wpper left,
the angular distribution of all measurements shows the usual stream angle .

preference. At upper right, the distribution of measurements for which Pc 3-4



Page b

- 90° 0] 90°
.
.2
634 3 63%4 -

NEITHER

ALL READINGS 4 4 Pc 3 NOR Pc 4

—— ettt -t

36°7 -l .5 36°7
18° | 18°4
0 0
90° 0 90°
. 1, i
p— .2 —
63°4 63°4
. -1 .3 -
Pc 3 7 Pc 4
b -
36°7 ’ .5 36°7 \ -
/.
18%4 - 18%4
0 0

Flgure 1. Angular distributions of the ecliptic projection
of B, for various Pc 3,4 conditions.

.
Ny



Page 7

were absent, was deficient in the 0-18%4 and 18%4-36°7 sectors and somewhat
excessive in the 36297-63%°h4 and 63%4-90° sectors, with respect to the distri-
bution of all measurements. At lower left, the distribution for Pc 3 hours
was slightly excessive in the sectors from 1874 to 63°4 and deficient else-
where; this result is not obviously stgnificant, but is at best consistent

with a result claimed by Bol'shakova and Troitskaya (1968). At lower right,

measurements in the D-18%4 sector were grossly'in excess and in the 6374-90°

sector grossly deficient in readings during hours when Pc 4 occurred.

Another version of some of.the results of visual comparison‘wf¥hr
Tungsten is shown fn ngure 2. The first three-dimensionaf conStructidn in
2{a) portrays the distribution in solid angle, divided as already described,
in which ESW fell during Pc 4 events. The radial length of each angular block
represents the fraction of hours of observation of Pc & duriﬁg which the solfd
angle of the block was occupied by ESW during some part of the hour. The second
construction, 2(b), is the same type of representation fof hours. during which
neither Pc 3 nor Pc 4 occurred. The strong preference of Pc 4 for hours wheﬁ
8 lay close to 0°, and the equally-strong avofdance of BXB < 36°7 when Pc 3-4

XB

were absent are clear in the figure.

The statistical summary and visual examination of the Tungsten data=sqg:u

gested, in line with the Russian results and the recent Canadian observations '

of Nourry and Watanabe (1973), that there is a pulsation phenomenon of variable

period strongly associated with certain interplanetary field directiqn$;' The

periods of the phenomenon span the accepted division between Pc 3 apd F iu*a;
T = 45 seconds. In the Pc 4 range {45 < T < 150 sec), the phenomenon s fgéf
sonably isolated, but in the Pc 3 range, the phenomenon is confounded with,

“and often overshadowed by, other types of bécillations, most notably P 2.
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XB for (a) Pcuﬁ”and

Distributions of northward ©
{b) neither Pc 3 nor Pc &4,

Figure 2.
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Visual evaluations of this phenomenon become very unreliable in the Pc 3 range.

Preliminary printed versions of the Nourry and Watanabe data were re-
ceived and examined, and the Russian publications were reviewed once agaih.
It appears tentatively that the Soviet and Canadian results are completely
compatible with the model of Pc generatién proposed by this investigator. The
evidence tends to be anecdotal, however, or, at best, incompletely documented.
Pc 1 spectrograms from Borok, a commonly-cited Russian observatory, have been
published, showing the Russian capability with f-t technique, but it is not
cfeéf whéfher these, or only visual judgments of Pc 3-4 occurrence were ap-
plied in the Soviet work. Although statistical compatibility is not proof of
the mode! itself, it was decided to continue to seek a more solid correlative
foundation in this program before attempting to explore any physical details
of the model. However, it was concluded that suitable methods of mechanizing
and objectivizing the correlation sought here had become unavoidable. The
effort of this study was therefore redoubled to obtain an entirely independent
demonstration with more sophisticated techniques than have hithertd been

applied.

Computer Program for Spectral Correlation. The best demonstration of

. the correlation central to the model of this study should be provided~by1 __

examination of gﬁlong interval (weeks tg;ménths) of data in which interplahe-

tary field orientation in suitable graphic representation is compared witﬁ con-
current micropulsation spectrograms (f-t plots) on the same time scg@?f*“Pro-
duction of ‘suitable magnetic field plots requires a computer programming?%%d

running effort. A magnetic tape for a selected test interval was obtained

from NASA/ARC. The tape contains the ''sequence averages'' from the ARC
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Explorer 35 maghetometer. The test interval was determined in consultation
with John Olson of the University of Alberta (Edmonton), who is in the process
of reducing micropulsation data to éuitab]e format. The comparisonﬂé?-space-
craft with surface data is intended to span the last four months of 1969,

when the Canadian chain of stations operated by Edmunton provided good time
and latitude coverage. Sinte the UCLA station at Tﬁﬁgsten also operate§
during this interval, the potential for a comprehensive examjnation of. the

relationship under study is good.

As this is writtén, an initial version of the-computer ﬁ}ogéam for
handling Explorer 35 magnetic field tapes to produce approprlate plots at TRw.
is essentially debugged, while a program for preparation of spectograms from
Canadian micropulsation tapes is in about the same condltion. “Flgure 3 shows
a three~hour test version of part of the plotted output of our routine, com-
pared with a micropulsation record from Tungsten {courtesy UCLA) on thé éamé
time scale. Time-scale matching is one of the options of the TRW pfdgrém,,__r__
The two curves at the top are cos BXB and BXB’ as marked, w:th 1ow eXB’ (.;},
favorable GXB at the top of fhe graph. A burst, or sequence of bursts, of
pulsatibns of about 120-sec period (Pc 4 range) appear |n-approxrmate cuincif
dence with rotations of B, from ]6-20° to about 50°. Unfortunately, thls fs

exactly the OEEOSIE of the correlation we seek and of: the reported results of

Bol'shakova and . Tr0|tskang(1968) and Nourry and Watanabe (1974) We have no

explanatron for this outcome at present, but ifnote that the local tlme at

Tungsteﬁ'%s dawn rather than noon, when such puisations usually appear Also,
the true rotation of Esw was southward, so the oscillations on the su?fate
are undoubtedly substorm-associated. The figure demonstrates Well that we now

have the capability of producing our own anecdotes. It also |Ilustrates clearly
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the type of result that supplies grounds for our conviction that a sujtable long-

term, objectivized approach to the micropulsation study is essential.

A listing of the preliminary TRW program is attached as Appendix A, Our
routine will compute several specialized functions, but the program hangéen
written in such a way as to facilitate later use of interplanetary fiei%?}ead-
ings from the same Explorer data tapes in computing a variety of quanfjfiES
related to bow shock and magnetosheath structure, none of which wouldﬁhave

Justified the rather complex program by themselves.
Shock Structure

Geometry. An important task in following up earlier work onrthe response
of the bow shock to local field geometry (Greenstadt, 1972a,b) has been to
discover the reason that propagation of precursor effects upstream from the
shock apparently occurs consistently along §Sw at a speed u" = 1.6 sz.

‘Northrop and Birmingham (1973) accepted the premise that p = 1.6 was indepen-

dent of position on the shock and derived the improbable result that u” would
then be ctonstant, i.e., independent of sz. It seems more likely that p does
not vary strongly with position, and that limited early eXperimentél work has

sihply not picked up the variation, but this has yet to be demonstrated.

o

. %
“There is more than one precursor effect {Appendix B). The effect hes
ferred to above consists of decasecond waves propagating downstream as q?

result of excitation by Some other precursor agency. It s not known whether

the long period waves are coupled to a dominant category of refjected'pfotons

or simply represent a dominant frequency range most easily excited. It ]

known that reflected protons are found at many €nergies with u“ ¥ 1.6 (Asbridge
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et al., 1968; Lin et al., 1974). In thelr recent paper, Lin et al. have given
argdments why they'belieVe‘IOO Kev-reflected protons_are accelerated’eh route
upstream rather than in the shock proper Their conclusion wou]d tend to, sup-
port the notion that protons come out of the shock |tself In a narrower range

. ""u.\

of energles, poss:b]y concentrated around (1.6 V_ W

An attempt was made by thfelinVeetigatortto:discover yhether the geoe}
metrical relationship ofrthe shock to reflected protons of.finite pitch engle
places restrictlons on their energies that would tend to select those with

1.6 for escape opstream The attempt wae'unsuccessfu} for an |nteresting
reason. There turned out to be at least tWQ.free geometric parameters, leaving
p essentially unconstrained. An unexpected result has followed: protohsﬂof -
large energy (30*100 Kev) and large pftch angle (70°), such as those commonly |
encountered by Lin et al., can escape the shock upstream when the angle made
by Bgy, with the local shock normal Is about 50°, the value at which upstream
waves typically are oenerated. It thus appears that the particles detecteq |
by Lin et al. could have come directly from the bow;shock as far'as_the credi-

bility of their escape is concerned, although the process of their creation

is still undetermined.

An explanatlon of, and report on, the above calculatron was prepared

for pteSentatlon at the Ner] Brice Memorial Symposium ' f;Hégnetospherecﬂoﬁ-

{\.

Earth and Jupiter," and gnven in Frascatl in May. lt.ls attached as Appendlx B

A more extenslvﬁtin"rry into the gﬁgﬁ%try of reflected particles ig:¢

Yag

Laminar Shocks. A comprehensive study d*dthe'quasi-perpendicdﬁ

lamlnar shocks of 12 February 1969 was completed after addition of seVeral new

sections. A draft of a F:naT report on these events is attached as Append|x D.
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Especially Tnterestlng among the newly*added résults is the detalled drsplay of
ELF noise Juxtaposed on the shock's magnetlc ‘profile and ﬁhe new méthod of com-

puting instantaneous shock Veloc1ty from the standlng wave perlod (EAQU£gi6uand

Table 2 and Appendix 2 of Appendlx D).

Parametric Profiles of the Bow Shock. A collaboration was openéd'o'year

ago among'V. Formisauo cC. T. Ru553r1 'M Neugebauer, F. L. Scarf, and th|s
investigator for the purpose of" complljng and studying p]asma dl&gﬂOthCS
recorded s:multaneously by OGO 5 and HEQS 1 under differing SQﬁax@m£ﬁd cond[tlons
during bow shock crossings by OGD 5. We have succeeded in’ lsolatlng over a

dozen distinct combinations of M, B, ond GnB and have made.significant progross
in determining the effect of each of these parameters on each of several olasma
diagnostics measured in the shock. We are also In the process of merging the
shock-structural classification schemes of Greenstadt et al.(1970b) and

Formisano and Hedgecock (1973a) into a single comprehensive framework. - A sum-

mary of some of the core results of this project is contained in Appendii c,
3 paper given recently at the Third Solar Wind Conference in Asilomar. Thé
bulk of the program is incomplete, but a compendium of shock profi?es iss pre-

sently being prepared and should be available before the end of the year

Qua5|-Parallel Shock Structure A case of prolonged, concurrent $bser-

vation of_guasr*para]lel (“pulsatdon"} shock structure by 0G0 5 and HE‘&_]

occurred on 14 February 1969 The situation is similar to the one re it

nostic coverage. Initial examination of the data has Ver:Fred the oxtreme

thickness of the pulsatlon or quasiwparalfel stfucture, and revealed an



Page 15

apparently distinct plasma particle distribution associated with this-class of

shock. A description of this preliminary result is part of Appendix
Reports

The following report was published Jnr}ng the year July 73 -’Julya74.
Greenstadt, E. W., Oblique Struefpre of Jupiter's Bow'Shoek, J. Geophys.'Bes.,

78, 5813, 1974.

A report was prepared and delivered ora]ly by R W, Fredrlcks at the
Summer Advanced Studies lnstitute, “Earth’s Particles. and Flelds,” Sheffleld

England, August 13-24, 1973:

Greenstadt, E. W., and R. W. Fredricks, Plasma Instability Modes Related to

the Earth's Bow Shock.

The report is scheduled to be published in the Institute Proceedings.

An informal presentation of shock structure results was given at the
Joing USA/USSR Bi-Lateral Working Group Meeting on Collisionless ShOCKHWaVe§‘ :

held in November at NASA Goddard Space Filight Center.

Three more reports have been completed:

?;nﬁreenstadt E. W., Struptare of the Terresfrlal Bow Shock, presented to the

Third Solar W|nd Conference held at Pacific Grove, Callfornla, 25~ 29

March 1974, To be published in the Conference Proceedings.

Greenstad£,~E. W., C. T. Russell, F. L. Scarf V. Form|sano, and M. Ne@gebauer,
Structure of the Quasi-Perpendicular, Lamlnar Bow Shock, prepared Fbr

. J. Geophys. Res.
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Greenstadt, E. W., The Upstream Escape of Energized Solar Wind Protons from the
Bow Shock, Presented at the Neil Brice Memorial Symposium, 'The Magneto-
spheres of Earth and Jupiter,' Frascati, ltaly, May 1974. To be published

in the Proceedings.

COMMENTARY

Correlative Results of Qther Investigators

- This . is an appropriate time and communication in which to note briefly

the'research context in which our shock investigation now finds itself.

The revival of interest iﬁ the bow shock, and its upstream effects on
the solar wind, which seemed to be developing a year ago hé; beén realized.
Research on the shock as a plasma, rather than fluid-like, phenomenon is
beginning to flourish, partly through fresh attention by European investi-
gators. A selection of specific results bearing directly on this program

are listed below:

Formisano et al. (1973a) distinguished statistically between Maxwellian and non-
‘Maxwellian proton distributions in the magnetoshéatﬁ,Fdepehdéntuog,mach
number and‘angle enB'

Formisano nggl. (1973b) stg&ﬁéd fluid parameters across the shock and. biok

shotk velocities as functions of M, B, and B B

Formisano and Hedgecock (1973a) develqped a structural cla55|f1cat|og;wcheme for
| the bow shock, parametlzed by M, B, and © B’ |

Formisano and Hedgecock (1973b) described the bimodal proton distribution found

in the quasi-perpendicular, turbulent shogk structure (see Appendix c).

Northrop and Birmingham (1973) examined the implications of a position (GnB)‘

Independent upstream wave parameter p = 1.6 on the critical angle of

upstream wave appearance.
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Olson and Holzer {1974) made a-statistical study of the wave and spectral'struc-

ture of the bow shock, finding relatlvely Tittle local time dependence
of structure at search coil frequencies (f_>'.l_Hz) but they! wereIW|th-
out Informatién on M 0r48- The rote of éﬂlh'theygenerat|on of magnetic
noise is now better understood (Appendix €},

R. D. Auver (unpublished preprint) has found the apparenrJ'AQSma bow shock po~

sition of quasi-parallel bow shocks to be earthward of their quas&--f_‘

,(.

- perpendicular counterparts. He has also found that a more markéd statas*
tical symmetry'bétweén dawn:and ‘dusk structures should have prevar!ed
during the HEQS 2 data interval than durfgg the Interva]-examiqed by‘
Greenstadt (1973). h

Feldman et al. (1973) attributed the reversal of heat-flux anisotropy of eléCf~
trons upstream from the bow shock to their shock origin when the solar
wind field was appropriately oriented.

Lin et al. (1974), in the first direct observation of reflected protons since

the short paper by Scarf et al. (1970), described the commonplace obser-

vation of protons in the 30-100 Kev energy range.

 Finally, the two most exciting new results are the observation of an apparent

quasi-paralfel shock structure at Venus by Mariner 10 {Ness et al., 1974), con-
sistent‘with a‘éimilaf interpréthtidn of the Mariner § record by this lnvest:-

gator (Greenstadt, 1970), and the tentative compatibility of the Pioneer ?U

measurements with the predicted shock structure at Jupiter (Greenstadf,ﬂ”
_-—-—-—t-q—-pv

Ed Smith, personal dlSCUSSan) giii

A1l the foregoing developments draw on results from.thisﬂpregréﬁ%&fafts

preliminary phases.
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LM?cropﬁYSationS- lt |s recommended that efforts tﬂ objact}vizﬁithe re-

e g

-prted and expanded Tech-

duction and analysis of mrcr@pulsatlon data be sg
W
nlquegﬁof display such as the frequency time contour plots coming out oﬁ UCLA

(Arthur_gL“_l_, 1973) should be encouraged for the entire Pc 3-4 spectfa?l;
range. Quit beyond the current of planned app1|cat|on that this anestl“
.gation seeks to'make of such displays, the‘événtUa} use of micrqpulsa;ion
indices as diagnésfits”bf,salér-ﬂind'and'maghetoshéétﬁzcéﬁdf%i@ﬁs'wi{fwcer-
talnly require such techﬁiqués, which are expenéiﬁe and {nédéﬁuateTyvfunded
at present. Development of micropulsation diagnostics ought to be a major
goal of the lnternatioﬁal Magnetospher]c Study (IMS), but such de@e}épmqnt
will not occur without sustained effort in this direction. It is urgenﬁlz
reéommended fhat - ﬁprking_panel be created to encourage at the very leést a

unlform micropulsation recording method and schedule among a suitably-selected

set of stations as part of the IMS preparations.

Shock.Structure. It is recommended that efforts be continued to exploit

‘the earth's bow shock as a source of collisionless plasma phehomenology. The
earth's interaction regfon'is nicely representative of the intéraction regihns

of other:planets and is subject to such:.a wide range of ingident plasma paréme-

ters as to provide almost uniVersaI'cbVeragé of thﬁﬂ&ariety of collis}é@ﬁ&ﬁs

phenomena for which experimental data are heeded. Moreover, there seem to

ies to acquire new results through analysis of exléting

)
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APPENDIX A

PROGRAM LISHMh "

P
,



" UREPROGELIBILITY OF THE
ORIGINA %AGE IS POOR

_ PRDGRAH E35BXP{INPUT»TAPES= INPUT,TAPE&yBUTPUT;TAPET DUTPUT,TAPEBv
i TAPESO) ‘ :

‘C

THE X(SE) AXIS, (IT IS Assuﬂeh;i_ls_pARALLEr Ri v:sw;x

RUSSTAN- EXPERIMENTAL RESULTS"
“Tt”EEW“:“THE”“ﬁﬁ”ﬁﬁ“t?ttﬁ“
FO TCYBSW = TPCBSW/2.44.

C

C

C

c. - - 4

c TPCBSH - THE MICRDPUISATIUN PERIGD
C

c

c

C

ﬁ_£_ B ; SR
- COMMGW“FLG?F / §ECIN{H?TR§T_N
COMMON/DATOUT/NEWDAT (26,60 ), IDUM . oo
‘ CDMMDN/XHEAD/NTAPE NFOT,NYEAR,CUHENT{BT’”

G0 i ] INEND5LSEQSAV '
CGMMUNIDARRAYIINDEXyTIM!500! NSEQ(SOOP,LBA?(SUQ) LHRMN[SOO),
LSEC(SOO) BSH[SOOlvTPCBSﬂ(ﬁBO},TCYBSU{SDO}v

Loslcﬁt‘tﬁﬂEAc TUPLOT,isGAP,ISGAPsv
_ DATA RADEG/S57.2957795/
: ' C 'NCODE IS THE PRINCIPAL DIRECTIVE FROM EBSD&V ;0~F39Bxp.
T T NOTE 2 NCODE = X MEANS'THE@F‘I ~NEW DATAT

'Ca~x« QDE.. .z MEANS THERE TS SOME NEw

- C y HE. INTERVAL 'HAS BEEN DETEC
T T T E R SE 573 MEANS “THERE TS ND NEW DA R

- o 'HhS'BEﬁMMBETECTED. SO WRAP IT UP (ANNDTATEr ETC.).- :

- NCODE = 4 MEANS ABNORMAL TERMINATION - EOF REACHED ON TAPF6.
= NCDDE MEENS”NSRHIE”TEﬁﬂIﬁﬁTTTﬁF“"EUF”REEE]w‘v_a'

o000



W svsTeEms

t_m? - . . —— P A — e S — SRR, ‘

C SECTION 1™ = INITIACTZATION. ~— - T

T TTRUTERROR LV EOLTIGE 1O 400

7500 CONTINIE

C
CALL E35DRV(1,NCONE)
CEEFWBXPLSIIL) _ . ) h
c ‘
c SECTIDN 2 - BEGINNING OF A NEW TIME INTERVAL., : -
c e et e -

150 CONTINUE
C DIRECT E3S5DRV TD READ A NEW TIME INTERVAL,

T T CTALL E3SDRVIP,NCUDETY —
C IF NCODE .= 5 THEN IT IS .TIME FOR NORMAL TERMINATION.
IF(NCGDE EQ.5)X:0 TO 2000

T C WRITE TIME INTERVAL, VALUES ON DATA LTIETING: o

CALL BXPLSTI(2)
C IF TERROR = 1 THE INTERVAL WILL BE USED.

NPLOTOP = 1 '
~C IF NPLTSAV = 3 ANNOTATION IS REQUIRED DN PLOT OF PREVIOUS INTERVAL.

T TTIFINPLTSAV,.EOCS JCALL BYXPPLT(IT
GO TO 150
_C DIRECT E35DRV TO POSITINN TAPE AND READ FIRST DATA RECDRD.

TROOTCONTINGOE - T T
IFTNPLTSAV.EQ.3. ANNDNPLOTOPL.EQ.1)410,420
410 CALL BXPPLTI(3)

T TUNPLTSAV ETNPLUTTP : — N =
420 CALL E35DRV(3(NCODE)
GD TD(SOO 59091501?000)NCDDF

-t s ——- S
C SECTION 3 - PRQGESS FIRST RECORD OF GNOD DATA. '
C ) :

e e e b e e e ————— e o — ———

ISGAP = .TRUE.
C IF NPLOTOP = 1 THERE WILL BE NO PLOT MADE 0OF THIS INTERVAL. .

IF{NPEFSAV.EQ. 3)510,520 ‘
SIO‘TSGKP“‘":FAESF_" T ST e
' GO TD 560 & '
C INITIALIZE PLOT AND SAVF BEGIN TIME.

520 MTIMSAV =ETISTART — 77T T T T T T T s mn s e e

CALL BXPPLTIL)

T TYFINPLOTOPLEDLTIGD T S50~ 77 0 T o e T e e e
C IF NPLTSAV = 3 THE PRESENT PLOT WILL CONNECT TO THE PREVIQUS PLDT. S




TRW sysrems

TRTSTS

550 NSEQSAV = NﬁNDAT(l,INSTRT) -1
C RESET COUNTER FOR . QATA ARRAYS.

~ 580 TNDEX = O i -
60 TO(600,B0: 3&50'

C“SEUTﬂﬁT““““?ﬁﬁt§§§fﬁt—#ﬁﬁ‘ﬁﬁﬁnii}
C .

600 CONTINUE
T CALL CALARR . . -
C IS IT TIME TO PLOT &ND
FFL{TOPLOT )610,700°
T "%10 CONTINUE
IF(NPLOTOP
IF(LISTOPE
C IS THERE MORE T
1F(COMBAC )60 T8 600 : o
~ TTC DIRECT E35DRV TO READ A NEW BATA RECORD.
700 CONTINUE '

NE.1)CALL BXPPLY{2)
JICALL BXPLST(3)

CALLE3SDRV(4,NCODE )
Py o Y. r0¢800,990¢900}NCDDE

c ’ - :

C SECTION'S - paoc%ss DATA, AT ENB oF Lnrsaan AN__ DT ANDZOR f
- T T AND WRAP P THTS TNTERVAL.

800 CONTINUE I??
— CALL CALARR™
o IF{NPLOTOP.#@GT
) _ “ CALL BXPPLT(2} .
T T IF{COMBRAC 850,820
<. ,820 IF(NPLOTOP.EQ.3)50 TO 850
CCUANNDTATE TIME ON PLOT..

60 1O 850

IF(COMBAC)BT@@ISO
870 INDEX = O

B0 TOBO0



TRW s s '

T e g

C SECTION 7 - TE&@INATION.
2000 CDNTINUE '

R THPEU|¢NS ‘
LOGICAL COMBAC , TOPLUT.ISGAPvISGAPSV




TRW sverMS

: : T s
c SECTION 1 - PROCESS DATA. S S e N o @
C-WDTE - TOPLOT . -¢~ifﬁET“ﬁEIﬁSmJ TS TIRE ¥ & - .
C GAP IS OEFELTED OR THE ARRAYS ARE .
o C_NOTE - COMBAC = ,YRUE, MEANS THAY :nfet Pgn; o
C AGAIN TO - : # L

C NOTE ~+JSGAP = .TRUE. MEANS THAT THERE IS A TIME GAP hND THE PRESﬁNT
SET OF DATA TO BE PLOTTED HILL NOT BE JDINED TO PREVIUUS

T CTNﬁTE"_"T
TOPLOT = .thgg \ o o S
COMBAC = .FALSE. = ‘ - S e s i
- D0 500 E—INSTRT,INEND e
C CHECK FOR Trnamagp AND SEQUENCE RECYCLE.
.' “I i - [ . - A pa - | L0 il e . ke BiGEE ' m:&
¢ MAKE SURE THAT kkﬁﬁ* 15 “NON-EMPTY aeroﬁ& Garu_fj"“'
‘ TF{ INDEX.NE.0 160 _T0 700 | o .
STt T TTYSGAP = L, TRUE. -

C MAKE CALCULATIONS. 'INDEX COUNTS CUNSFCUTIVE narn PUINT§. E
300. INDEX = INDEX + 1 ‘

TVINCINDEXY =" FTIRTT)
CIF(LISTOPL.EQ.2 GO TO 400 o . T
" NSEQUINDEX) = NEWDAT(1,I)} T FURT R

LDAY(INDEX ) = TDAY(T)
IHRMN = JOO%NEWDAT(3,1) + NEWDAT(4+1)

| IETLING, THRMN L HRMNUINDEX ), MXER |
' T2,F £ PO T TRRER]

'4ua

TPCBSuifNOEii”’-160 /BSH!INDEX)

TCYRSWOINDEX I = TPCRSW( INDEX M/ 2,44

"”“ﬂiIFWHmNnﬁﬂﬂWEﬁWWmWTnam T e facr

BLMB{ INDEX } = 5000.
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“GLsT0 425
420 BEMB(INDEX) = NEWDAT(21,1)/10.
425 IF&NEﬁDATiZ?,I).NE.QQQQ)GD TO 430
PATBTINDEXT = S000. -

_ GO TO 435 ; :
o 430 PHIB{INDEX) = NEHDAT!ZZ}II!IG.
T T3S TR TPHIB TINDE ‘
TBVCS (INDEX) = 5000,
THBY( INDEX) = 5000.
GU TO %715
450 TBVCS{INDEX) = AﬁS(CGB{BLﬂB{INDFX)IRAGEGi*Cﬁﬁ‘ ,
- THBV (INDEX ) = ACOS{TBVCS(INDEX))*RADEG. .= ; °
N 475 BENTINUE s

C SAVE PREVIOUS SEQUENCE NUMBER AND CHECK TO SEE IF ARRAYS ARE FULL.
NIEQSAV = NEWDAT{141)
TIFUIRDEX . FQ. 500’&0 0 640
500 CONTINUE : ‘ ' ' L
C IF IT GETS HERE IT IS TIME TO RETURN FOR MORE DATA._A-”"
T T T T IS GAPS Y S TSGAP -
RETURN

. C
”"”’““““*;fc“SECTTUN“?—:“nKKE*?EHT‘KHU‘RETURN*FUR“
G
“CLPART 1 - THE ARRAYS ARF FILLED.
TTE00 CONTINIE
ISGAPSY = ISGAP

‘ ISGAP = .FALSE.
- T IR TL LT JINEND W OMBAT = ", TRUE .
- TOPLDT = .TRUE.
SINSTRT = I+1.

T/ ""’”““ﬁEﬁTWTN

TIME GAP,

TOPLOT = LTRUE, .

: INSTRT = o |
T T T T T RS R QSAV T TRERTAT TS INS TRT Y ST
RETURN :
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¢ :
C SUBROUTINE BXPLST ~ J.S. BURGESS FOR EXPLORER 35 CDC SEQUENCE AVE,

C

_SUBROUTINE BXPLST(JCODE)

n

£ BXPLST IS A DATA LISTING SUBROUTINE FOR MAIN PROGRAM E3S58XP. IT

COETPROVINDES ATCOMPLETE DATA LTISTING FOIR ANY TIME INTERVAL THAT HAS THE ‘

C LIST OPTION ON (LISTOP=1). IT ALSD PROVIDES A LIST OF ALL TIME
C INTERVALS IN A PARTICUIAR RUN REGARDLESS OF THE LIST UPTIUN.

o Rl T —

COMMON/ XHEAD/NTAPE, NFOT . NYEAR,COMENT (R} L
COMMON/XTINT/NINT ,NFILE,NRECORDJNDAY1,NHOURL yNMIN] yNDAY2 yNHOURZ s

1 ‘NMTNZ, TSTART, YTEND, IERROR,NF4,RR, TFEMP
COMMON/DARRAY/INDEX, TIM{500 },NSEQG{5001 ,LDAY (5001 LHRMN{500}
1 LSEC{500),BSW(500),TPCASW{500), TCYBSW{S500),
T T T T BILRB TS 00 ), PHIBUS0DO Yy TRVUSTSTOT » THBVTSOO0T ,CORB AT,
3 TOPLOT.NSEQSAV, ISGAP, ISGAPSV,.MTIMSAY '

DIMENSION TITLE(&4),TGP(2) L

" DAYA TITLE/Z40H%%% EXPLORER 35 THETA XB, PC3 PERTIOD #%#/
DATA TGP/20H%%3¥%%x TIME GAP *%x%kx%k/
LOGICAL ISGAPSV o

60 T0(16075200,30071600.2000 JICODE
c .
C SECTION 1 - WRITE TITLE PAGE

100 CONTIMNUE
WRITE{(B,10)TITLE«NTAPELCOMENT

10 TFORMATILHYIZ 77 /10X, 4ATG/710X¥TAPE NUMBER —-%,T&7710X, BA1D)

RETURN
c
€ SECTION 2 - WRITE TIME INTERVAL VALUES OR AN ERRAR MESSAGE
c

200 CONTINIE

WRITE(8, 20 )TYTLESNINT — 7 77— mon oo e T
20 FORMATI{1HL.4A10//25H * TIME INTERVAL NUMBER,I4)
C NDTE - IERROR = 1 MEANS THAT EVERYTHING IS UK.

IF{IERROR.EQ.1 16D TO 250 ' T T
WRITE{(R,30)

30 FORMAT(///710X,*THIS INTERVAL WAS SKIPPED BECAUSE OF AN ERROR.*//
1 N "1IOX,,*SEE MONITOR LISTING FOR ERROR "INFURMATITING®)
RETURN
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C NDTE ~ LINE COUNTS PRINT LINES FOR PAGE EJECT DECISIDN.
C NDTE -~ LDAYSAV SAVE§ THE ’AST DAY USED IN DATE PHINTOUT.
250 CONTINUE - & 77 7 777 ) - T T

CWRITE OUT TIME INYERVAL VALUFES. — ~ 7~ - b

LINE = 100
LDAYSAV = ~100

CALL XDATEINDAY1l.NYRARLMTHL,JDAYIT ~ o mr mm T s
CALL TFILTIN(2:3DAY] KNAY] MXER}
CALL XNDATE(NDAYZ2 .MYRAR,MTHZ?,.DAY2)

T T TTCALL TRILINTZ LAY ZLROAYZ JMXFR YT T T T T T T T
WRITE(8,40 IMTHL.KNAYI 4NYFARZMDAYT ¢ NHOURL3NMINT,
1 MTH2 WKDAY2 ,NYEAR SNDAY2 y NHOURZ y NMIN2Z

40 FORMATU/71IDX s *FROME G T34 TH/ A2, TH7 2 I24% [DBYR,T4,%) HR¥[T3,% WINT
Lel3/710Xe%* TO%4I341H/ gA241H/312¢% (DAYX,I4,%) HR),T3,% MIN%¥,[3}
RETURN

SECTION 3 - DATA PRINTOUY FOR LISTOP = 1. PRINT UOUT THE DATA ARRAYS.

oon

o ’ 300 CONTINUE ™ i - ' S T T -
IFILINFELEQ.100.O0R..NATLISGAPSVIGN TO 310
C WRITE TIME GAP I INE

" WRITE(B,45)TGP, TGP o o ' I S T e
45 FORMAT{14X,2A10,17X+2410)
LINE = L INE + 1

310 DN 40C I=1,INDEX h . o o ST T T
C CHECK ¥0 SFE IF NEW DATE IS REQUIRED.
IF{LDAYSAV.EQLLDAY(T ) IGD Ta 3?0

LDAYSAV =" TDAY(T) C R - S e e e
CALL XNDATE(LDAY(T }aNYEAR, MAN,MDAY )
CALL TFILIN(2,MONLLMNNGMXER )

CALL TFILIN{Z.MDAY,LMDAY,MXFR] ~ ~~ = - - S e
TF{LINE.GT.36)G00 TN 330
WRITE (8450 JLMON, LMDAY S NYEAR, |LNAYSAV

50 FORMATU(/ZX,A2,1H/ .87 ,1H/,I2s® DAY%,14/Y . ST T

LINE = LINEF + 3
GO TO 350

T MAKE DECISION TN EJECT PARBE AND PRINT HEARING, ' T T T

320 IF(LINFLLT.40)G0 TN 350
330 WRITE(RL60)_MNN,LMDAY  NYEARGLDAYSAV,TITLF
60 FORMATIIHL s1XyAZ41H/ yAZy1H74124% DAY*,14,3X,4A10//% SEQUENCE HR -
1MN SC BSW LAMBRAR PHIR THBY(COS THETARYV TPCBSW  TLyr




Bt

TRWsvstems o
— ZBSWE/ ) ' — =
LINE = & E t:-:
C_PRINT ONE LINE OF DATA e
“350 CONTIND R — e s o
WRITE(8,70 INSEO! T Jo LHRMN( I )4 LSEC{T)4BSW{1)4BLMBIT),PHIR(I), e &
1 TBVCS{1 ), THRV{ I ), TPCBSW( ), TCYBSW( ) X Ti%
O FORMATTIX: T8, 3% K& TN, A2 YX?NQ?T"?E‘K}FU“I‘KX‘FBJT}F9 T e '
LINE = LINE + 1 = |
400 CONTINUE - .
"' RETURN - T T T T e
c
C SECTION 4 — TERMINATION
. S _

1000 CONTINUE
WRITE(8,80)
80 FORMAT(1HI//7430 %%% ABNORMAL TERMINATION & SEE MONITOR ¥%%) . R R 3 .
RE TURN AR A &
2000 CONTINUE i LT e
CTHRITEDSL,G0 Y T T T T T T s e e s ' ' =
90 FORMAT(1HL///19H %%% END OF JOB *%%)
RETURN
ERD e S

. L
SUBROUTINE BXPPLT(MCODE )

c e e e

€ SUBROUTINE BXPPIT ~ J.S, BURGESS FOR EXPLORER 35 SEQUENCE AVERAGES.
C BXPPLT IS THE PLOT SUBROUTINE FOR E35RXP. VALUES OF THRV. TBVCS,
T C TPCBSW, 'ANTI TCYBSW [SEF E3SEXP ) ARE PLOTTED AS A FONCTTON DE™ TIWE,

C BXPPLY USES THE TRW PLOT EXECUTIVE SURRBUTINE CCP FOR THE CAL-COMP. T T
C AT pRESENT! THIS PRMOGR AM HILL NDT PLDT ACROSS THE END OF THE YEAR.
e T T - .

COMMON/XHEAD/NTAPE 4NFDT ¢NYEAR,COMENT(8)
COMMON/PLODTIN/NSECINSNFIRSToNAFTERLITIC
~ COMMON/DARRAY/INDEX, TIMIS00 I,N SENTS5001,LDAYT5GD V,LARANIS007
1 LSEC(500)4BSW{500 ), TPCBSW(S500), TCYBSWI(500),
2 RLMB {500 },PHIB(500 ), TBYCS{500) ,THBVI500) vCDMBAE-
3 T T TTOPLOT.NSERSAV, ISGAP,TSGAPSV,MTTMSAV ~ ~ '

DIMENSION PTITLF(3).FL(B),F2{T)sF3(2)sF4l1),YTIC(1500)
LOGICAL ISGAPSY

- DATA YTHBV,DTHBV,YTRVCS,DTBVCS YTPC SOV DTPC SOV, YTCYASH OTCYRSW —
1 / 200.+ -20.y ~1.0, 0.2y 0.0, 20y OeaDo 20.7




TRW SYSTEMS T e

DATA PTITLE/30HE EXP 35 THETA XA = PT3 PERTON7

DATA FleF2,F3,Fa/6%10H »12H THETA BV,
1 5%10H +12HCOS THETA 8v,
T Z TOH Ty IOHYPCTSTUVIET,
3 10H  TCYCBRSW /
c

7 TU'NOTE = MCTIDE = T MEANS A NEW PLOT WILT BE SET UP.

c - MCOD 2 MEANS GD PLOT DATA.
3

E
C - MCODE MEANS PLOT TIC MARKS AND ANNDTATE TIME ON PLOT.
- R ~ MCODE 4 WMEANS TERMINATE THE PLOT TAPE [TAPESUTS,

iy

WBVe ¥ 1
1 piREA

fon ]

e G0 TO(100,200,300,400 IMCODE

SECTION 1 ~ MCONDE=1 - SETUP FOR A NEW PLOT.

’ﬁC10|

~ 100 CTONTINUE o T

ISECIN NSECIN

IFIRST = NFIRST*60
T T UTTTUTUIARTER = NAFTERERD T T omm—ee

n o

NTIC = ITIC*60

C GET START TIME {LEFT CORNER) OF PLOT FOR GIVEN TIME INTFRVAL.
Tt T CALLUTMOVBACTISECIN G MTIMSAV, ITSTART,NSETT '

XTSTART = ITSTART |
XSECIN = ISECIN
~ T GET SYMBNL FREQUENCY, ~—~ ————— -~~~ -

NSYM = ,025%XSECIN + .5
C CALL CCP SETUP ENTRANCE.

T TCALTT OGP T 2y XTSTART XSECIN, TIR; D4,

1 YTHBV, DTHRY, 4,NSYM, THBV,
2 YTBVCSs DTBVCS, O, 1+ TBVCS,
T T T T T3 T T T Y YPCSTIVL, DTPCSTIV, 45, NSYM, TPCBSW,
4 YTCYBSW.DTCYRSW, O, 1sTCYBSWy 304PTITLE, Oy Oy
- 5 T2+Fle  62+F2y 204F3, 10.F&)
- = T T RETURN T o ST T T -
C
C SECTION 2 - MCODE=2 - PLOT DATA.
i S a0 S

200 CONTINUE
ICONECTY = 0O
IF{ISGAPSVIICONECT=Y = ST

C CALL CCP DATA FNTRANCE TN PLOT.

R SR SR TR




TR w. s_ys TEMS

et e ——— =

C

© T RETHRN T o T e T rm e e e

OO

v v

OO O

SAVE TIME 0OF LAST POINT PLOTTED EACH TIME.
ITRIGHT = TIM{INDEX) + .5

CALL CCPUZ,INGEX, ICONE - Ty e e

SECTION 3 ~ MCODE=3 — PLOT TIC MARKS AND ANNDTATE TIME FOR THE WHOLE

T PLAT. THYS IS THE NN O® THIS PLOT. T TmTmm T

300 CONTINUE

GET TCTAL NUMBER OF TIC MARKS "AND ANNOTATIONS AND ATSO GET THE RIGHT—

MOST TIME (ITRIGHT) 0N THE PLOT FRAME,
LYIMSUM = ITSTART + IFIRST
TJTYINMSUM = TTRIGHT = LTIMSUM
NUMRER = ITIMSUM/IAFTER
ITRIGHT = LTIMSUM + NUMBER*IAFTER
TFIMON TITIMSUM, TARTEFRILNE.O 310,320 ~ 77— - T
310 NUMBER = NUMBER + 2
ITRIGHT = ITRIGHT + IAFTER

320 NJMBER = NUMBER + 1

330 NUMTIC = {ITRIGHT — ITSTARTI/NTIC + 1
T I‘fNBNTR;T?-T LABQO INUMTIC ="1500 - ~ 0 e

BO 340 J=1.NUMTIC
340 YTICiJ) = C.0

YA TEAT = TIRIGHT —— — — — - e e e e e

XTIC = =NTIC
CALL CCP PARAMETER REDEFINE ENTRANZE TO SET UP TIC MARK PLOT,

&0 TOO 330~ T e e e

A L TPy e XTSTART X SEL IN X RIGHT o XTI » Ty 00y 1002 13y 1 ¥TTIC,y
1 ODss0+4040.01
CALL CCP({Z .NUMTTIC,1)

FINTSH TTIC MARK TINE"TO LEFY CNRNER T1F NECESSARY, — —~ — = = 77 =77

IF(LTIMSUM.EO.ITSTART IGN TO 350

XTIC = =XTI1C

CALL CCPU-T, 2y XTSTART ;XSECINGXTSTARTXTIC,1,0.0,100.413,1,YT7C,
1 By0404040.0)

CALL CCP{241,0)

ANNOTATE TIME 0ONM PLOT (CCP ANNDTATION ENTRANCE) .

350 CONTINUE
MDAYSAVY = 0
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g e et n

. C GET

C ANNOTATE NEW DATE -

TOTSEC
ints

LTIMSUM — TTSTART
{TOTSEC/XSECIN)*100.

- CALL TIMCON{I,TFER JLTIMSUM,MDAY , MHR;ﬂIN;MSECoHTLI

IF{MDAYSAVL.EQ.MDAY }GD TO 370
MDAYSAV = MDAY

NEW DATEL
CALL XDATE(MDAY NYEAR MONTH

Do 390 I= i:NUﬁﬁER"_"_””M'*M'”

- 264 + o5

+MDY )

CALL TFILIN{2,MONTH,MNTH, IXER)

T CALL TFILTINTZ,MDY,LDY, TXER}

ENCODE(8y10+DATE IMNTH,ILLDY,NYEAR

10 FORMAT{AZ y1H/ 4A241H/,12)
MO/DA/YR.

Catt CCP(3,1DIS+54.15,8,DATE)

370 CONTINUE

T MARMN = JO0#MAR & MIN — "7 vt -

C ANNOTATE TIME
T TCALT

CALL

CCPT3,TDTS, 30+ 15,43 KHARMNT} "~

ITFILIN( 4y MHRMNyKHRMN, EXER )
- HRMN,

T TCALL TUCP CLEAN-TIP

C

e

-

LT IMSUM
390 CONTINUE

LTIMSUM + TAFTER

CALL CCP(54999999)
RETURN
C SECTION 4 - MCNNF=4 - TERMINATE
C
%00 TONTINUE ™~ © -
CALL CCP(6)
RETURN
ENg— T

M

SUBRDUTINF MQVQAC(I%FFIN MTIMQAV'ITQTART NSFT) S

C SHBROUTINE MOVBRAC - JaS.

PLOT TAPE.

2 ""4

RURGESS FOR EXPLORER 35 SEQUENCE AVERAGES.

C MOVBAC CALCULATES THE START NF THF TIME AXIS 0N THE CAL-COMP PLNT TU

THE NEAREST
THE NEAREST
THE NEAREST

10 MIN = TF
1 HOUR  IF

C
C
C & HOURS IF

10800.L

300 LELISECTINGLT.
1BO00.LEISECINLLTL10800 SEC/TNCH,
FoISECINGJLEL64800 S5EL/INCHS
C TN THIS WAY TRE TIME INTERVAL CAN BEGIN ANYWHERE, BUT THE "PLOT WILU 7

1800 SEL/INCH, =7

C ALWAYS BEGIN ON SOME CONVENTIENT MULTIPLE OF WHOLE MINUTES,




;fzr]!i!lﬁ!¥’£;"5:115’3'5;

¢ MOVRAC TS CALLED FROWM THE E35 PLOT FXECUTIVE SUBROUTINE, BXPPLT.

C
DIMENSTION LIMIT{2).NDIV{3)

- DATA LIMIT/71800.10800/7
DATA NDIV/600.3600,21600/
C FIND THE SET OF TIME INCREMENTS THAT CONTAINS ISECIN.

TTTTTTTTTT T TTTTTT T pg 200 1=1,2 Tt
JFLISECINJLLTLLIMETIINIGN TO 220
200 CONTINUE

—— e e =g
C GET TIME OF LEFT CORNER OF PLOT {ITSTART}
220 ITSTART = (MTIMSAV/NDIV(I)}*NDIVII)

s e MR ETT T ol _ -
RETURN
_END

SUBROUT INE E35DRV( ICODE ,NCODE )

!
a
!
:
3

SUBRDUTINE E35NRV =" J. 5. RURGESS FOR EXPLORER 3% CUU SEQUENCE AVE.
E35DRY IS THE EXPLORER 35 CDC TAPE DRIVER PROGRAM. IT MERGES THE TAPE
WITH SELECTED TIME INTERVALS. IN GENERAL IT READS A TIME INTERVAL,

POSITIONS THE TAPE AND UTICATES THE START TIME, AND THEN RETURNS DATA
RECORD BY RECORD TO A MAIN CALLING PROGRAM UNTIL THE INTERVAL HAS
BEEN SATISFIED. A LIST 0OF RECORDS SUPPLIED FOR EACH INTERVAL IS

RECORDEN BY E3SMON. CARD 'INPUT IS TAPES, THE COC TAPE TS TAPESG, AND
THE MONITOR IS TAPE7. SEFE E35DRV WRITE~UP FOR INSTRUCTIONS.

l

i

]

I
;nnn.nc‘bnnnﬁﬁ

T COMMON/ZPLNTIN/NSECIN NFIRSTNAFTER,ITICT 7 7
COMMON/DATIN/ INDATA{8,60)}
COMMON/DATOUT/NEWDAT (26,60 )4 IDUM

T COMMON/ XHEAD/NTAPE,NFOT ,NYEAR,COMENT(BY "~ "7~ 7 =7
COMMON/XTINT/NINT JNFILF+NRECDRDyNDAY1 4NHOUR]L yNMINL 4NDAY2 yNHOURZ
' 1 NMIN2, ISTART IENDy IERRORyNFyNR, TFEMP
T T T T EOMMON/OPTTON/LISTOP LNPLOTOPSNPLTSAV T
COMMON/ XTIMZIDAY ({60 ), ITIM{60 )y INSTRT 4 INEND,LSEQSAV
DATA COMENT/B%] OH%kkkidkkkksk /

T - DATA LISTAP,NPLOTOPNSECTIN,NFIRST«NAFTER,ITIC/24y14300,0,60,107 ="
NAMELIST/HEADER/NTAPE NFOT yNYEAR,COMENT
NAMELIST/TIMINT/NINT NFILFyNRECORDyMDAY 1 NHOURL ¢ NMINY 4NDAY2 4, NHOURZ

T ZNMINZ ,NYEAR,LISTOP,NPLOTOP,NSECIN,NFIRST,NAFTERY
2 ITIC

1
[
'
Pt

. ‘_,“»“;\ib-.,-'.’ , .
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C ICODE MUST BE SUPPLTED BY THE CALLING PROGRAM TO NIRECT E350RV, ™
GO T0(200,300,400,500}ICODE

C
C SECTION T = ICODE=T = INITTALTZATION - READ HEADER CARD; WRITE TITEE ™
c PAGE ON MONITOR, INITIALIZE RECORD AND FILE COUNTERS.
G
200 CONTINOE T T T T e e e
CALL NMLEOF
NCODE = 0
REWIND &6~ T oo T e
READ{5,HEANER )
CALL E35MON(1}
N = — s e e e o e e
NF = 1
RETURN
T - e e i m e -
C SECTION 2 ~ ICODE=2 - REAN TIME INTERVALS AND CHECK.
c
T 77T BODCONTINGE T T T T T T om s e o T T
NPLTSAV = NPLOTNP
LISTOP = 2
e 1 8 13 11 e RIS - e e el
LSEQSAV = 0
READ(5,TIMINT)
T T T TIRTEGR,B)2000,320 7 T T T T T T T T T T T e e e s e N T
320 CONTINUE
CALL INTCHK
T T T TTTTTTTARLEEISMONTR2Y T T T T T T T T T T em T s s s e e s e
RETURN
C
T C SECTION™3 - TCODE=3 ="POSTTION TAPE TV FILE AND RECORD TANTAINING — ~ = ——--—
C START OF INTERVAL AND READ FIRST GODOP RECORDISEE SEC.43.
c
T T T T a0 CONTINYE O T T T T o ST T oo ' T T T e
C FIND FILFE. ‘
IFINFILELEQ.NF)IGD TN 450
T T T T TCALLTSKIPFIBWNFTILE-NF) ' ' ’ T T e e
NR = 0
NF = NFILE
- /50 IFSAME = 1T T C -7 R ' o et omemme o

IF(NRECORDLEQ.NR 460,470
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C IF IT GETS HERE THE RECTRD HAS ALREADY REEN RFAD. ~ ~~ 7 7 77— -

4600 IFSAME = 2
GO TO 610

C FIND RECORD.

470 LRECORD = NRECORD - 1
IF(LRECORDLEQJNRIGD TO 500
B B "MX = LRECORD -"NRT 7 77
DO 490 LX=1.MX

490 READ{6)

T T T T TTTTTTTNR E LRECORD T T

C

C SECTION 4 - ICODE=4 —~ READ NEXT DATA RECURD, UNPACK AND QCAN TIMES.

e e

500 CONTINUE
NR = NR + 1

R

- - TTTTUREAD TAPESRLINDAYTA T T T T T T TommT T mmmmm o e e e e e

IFIEQF,61511,

510 NF = NF + 1

600

S o I Y N 3 P T o T 1 e o 1 T 2

NR = O
60 TO 500

600 CONTINUE
CALL UNPKEX

T TCUNPAEK DATA AND SEARCH FOR DATA™

CALL E35MON{3,NCODE)
IF(IFEMP.NF.3)GO TH 500
o T TRETURN T T T T

c

C SECTION 5 ~ TERMINATIHN

e e e TS T

C NOTE — NCODE = 4
' c NCODE = 5
e e
1000 CONTINUE
REWIND &

MEANS ABNORMAL

TIMES CONTAINED IN INTERVAL, 7 77777 7777

T 6YD CALL TIMFNDIUTIFSAMFE,IFEMPTISTART,IENDGNCOIDEY — 777 © 7 7 777 7 ) T

TERMINATION - EOF REFACHED ON TAPE6.

MEANS NURMAL TPRMIN&TIUN - EﬂF RFACHED DN TAPFB.

- 7 7T CALL EIBMONTSY O T 7 T

NCORE = 4

RE TURN
ST " 2000 TONTINUE

REWIND 6
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CALL E3ISMON(B®Y ~- S e .
NCODE = &
RETURN

"TEND o - B T _‘

SUBROUTINE INTCHK

. C
C SUBROUTINE INTCHK - J.S5. BURGESS FOR EXPLORER 35 SEQUENCE AVE.
C INTCHK DOES ROUTINE CHECKING FO TIME INTERVAL INPUT FOR F35DRV,

C THE EXPLURER 3% LTC TAPE DRIVER SUBROUTINE, 1T RETURNS TRE STATUS — — -
C OF THE INPUT DATA THROUGH THE PARAMETER IERROR. ERROR MESSAGES
C CAN BE FOUND IN THE SUBROUTINE E35MON. INTCHK ALSO CALCULATES

CSTART AND STOUP TTMES OF THF TNTERVAL IN TOTAL SECUNDS. T T
c

COMMON/PLOTIN/NSECINSNFIRSTSNAFTERLITIC

T ' T T UDMRON/XHEAD/NTAPE JNFOTINYEAR,COMENTIR) -
COMMON/ XTINT/NINTyNFILE«NRECORDyNDAY 1y NHOUR1, NMIN14NDAY 2, NHOURZ,
1 NMINZ yISTART, IENDy IERROR ¢NF ¢ NR y IFEMP

T T CUMMON/OPTION/LTSTAP,NPLOTNP,NPLTSAY T .
C CHECK OPTION VALUES.,
IFILISTOP.EQ.1.1IRLLISTOP.EQL2 11004120

e G TFINPLOTOPLGT .0 JAND -NPLOTOP.LE.3)150,120 T ) -
120 IERRDR = 7T
RETURN

7T 0 CHECK VALUJE OF NFILE TFICE CONTATNING START TIME OF THE INTERVALT.
150 IF{NFILELLELNFOTIGOD TO 160
IERROR = 6

KEFTURN T ’ -
C CHECK PQSITION OF TAPE RELATIVE TO NFILE (NF IS CURRENT POSITION}.
160 IF{NFILE, GE NF}GU T0 170

T T T T T T T TERR R = & T e Tt T
RETURN
C CHECK POSITION OF TAPE RELATIVE TO NRECORD (IF NFILE‘NFJ.

- T70 TFINFILELSNELNF GO TU IR 7~ 7 =7 T T o
IF{NRECORNLGELNR )G TO 180
IERROR = 5

e e CRETURN 7 fm o e e e e e B P
C CALCULATE START AND STOP TIMES DF TIME INTERVAL IN TOTAL SECONDS.
180 CONTINUE
T T T T CALLTTIMCUON(=3, TFERS ISTART ¢NDAY1 4NHOORTwNMINIOF T e
CALL TIMCOM{-3,IFER.IFEND,NDAY2Z2,NHDIIR2 NMINZ,0)
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ORE™S ME HA —

IF(IEND.GT.ISTARTIGO TO 190 EIES

IERROR = 3 L

- RETURN ey

C MAKE SURE TIMES ARE IN RANGE OF YEAR. -

190 NSCINYR = 31536000 Lt

TFTMODTNYEAR, % 1. €0, 0 INSCINYR=31627%00 e

IF{ FEND.LT .NSCINYR IGO0 TQ 200 T

IERROR = 2 =

— : “RETURN P

C ARE THERE PLOT VALUES TO CHECK.
200 IF{NPLOTOP.NE,.1)GO TO 300

H

NSECIN = D
NFIRST = 0O
NAFTER = O

i
L I

1ITIC° =0
G0 TO 1000
300 IF(NPLYSAV.E0.3)G0 TO 345

T T 7777 C CHECK RANGE OF TTME TRCREMENT PER INCH VALUE.
| IF{NSECIN.GE.300,AND NSECIN.LE.64800)G0 YO 310

IERROR = B

T RETURN - -
" € CHECK RANGE OF FIRST ANNDTATION INCREMENT.
310 IF(NFIRST.GE.OLAND, NFIRST.LE.14401G0 TO 320

- ' TERROR = 9
RETURN
c CHECK RANGE OF FOLLOWING ANNOTATION INCREMENT.

TERROR = 10
RETURN

T 7T € CHECK TIC MARK ITRNCREMENT VATOE. 7
330 IF(ITIC.GT 0. ANDMOD(NAFTER,ITICI1.EQ.0)GD TO 340

335 [ERROR = 11

T RETURN
340 NSTARTY = ISTART
345 ITIMTOT = IEND — NSTART + NAFTER*ﬁO

T T T T T TR ITINTOT/TITIC®R0 1. GTL. 1500 VG0 T 335
C EVERYTHING APPEARS TO BF OK.
1000 IERRNR = 1
T " TRETURN
END
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SUBROUTINE E35MON(LCODE,NCODE}
c

T SURRDUTINE E3SMOR ™= J.S, BURGESS FUR EXPLURER 35 TOU SEQUENCE AVE,

C E35MON IS A LISTING SUBROUTINE CALLED FROM E35DRV, THE EXPLORER 35
C CDC TAPE DRIVER PROGRAM, THE PRIMARY FUNCTION DF E35MON IS TOD MAKE

TTTTAL BY EISDRVAS VALTD INPUT FOR THE T
C CURRENT TIME INTERVAL. IT ALSD LISTS VALUES OF INTERVAL INPUT AND
C WRITES VARIOUS ERRDR MESSAGES.

C B R
COMMON/ PLOTIN/NSECINsNFIRST4NAFTERLITIC e
CGMMGNIXHEADINTAPE,NFOT NYEAR,COMENT{B) N
T T AY I, RHOURT, NMTNT; NDAYZ, NROURZ, e
1 NMIN2 » ISTART» IEND s IERROR yNF o NR » [FEMP SN
COMMDN/OPTINN/LISTOPSNPLOTOP ¢ NPILTSAY =
— T T CORMUN/DATOUTZNEWDKAT{Z6,60 )y IDUM 323
COMMON/ XTIM/IDAY {60 )4 ITIM{ 60 ), INSTRT » INEND4LSEQSAV &
DIMENSION ERRMES{3.11 },ERRIND(2),MLERR(3,2) ES?
---- T DETA ERRIND7 IOHU%¥XEx®ERF, [OH0% ERRORK ¥/ o
DATA ERRMES/30Hx%kx 0K #&3fdk (K *&skxk QK #%%k, =T
1 FOHTIME IS OUT OF RANGE 0OF YEAR. -
- - Z IOATIRE 2 TS LESS TAAN TIWME 1. ¢
3 30MTAPE POSITION IS PAST NFILF.
4 FOMTAPE POSITION IS PAST NRECORD.s
T T T - > IANFILE IS GREATER THAN NrUl. v -
6 30HOPTINN VALUE IS QUT NF RANGE.
7 30HNSECIN IS OUT OF RANGFE. ’
- B FORNFIRST TS OUT OF RANGES y
9 3OMNAFTER IS OQUT OF RANGE. y
A ‘ 30HITIC IS NOT ACCEPTABRLE. /
— e som— = TR ML ERR7 SUATE®EE NVERUAP OR WO TIHME MATCH, s
1 J0H%xk%k% RECORD HAS ALL RAD TIMES/
GO TO(100,200,200,1000,2000 JLCANE
T C T T T Pt
C SECTION 1 - WRITE TITLE PAGE. N
c

" 7100 CONTTNUE oot T o

WRITE( 7410 INTAPE NFOT,NYEAR,COMENT
10 EORMAT{L1HL////710Xs32Hxx%% E35DRV MONITOR LISTING **&xX
I T 77T15%, CTTURTAPE NUMARER =%, 17~~~ T TUTTTIT T
2 F715X, *¥*NUMBER OF FILES -*,13




g -5 -

F715Xy T EYEARTOF DATAT=¥,T677T0X,BAT10]

LINE = 100
RE TURN
_———— e ———— = — --*c;*** T e— T T T T T s e =T = TR e ,”\Ri
C SECTION 2 - WRITE PAGE HEADING. ol
C w*;
YT O T 706 CONTTNIE T T T T T e ‘
ITF(LINE.LT .40 IGO0 TN(100,300,400)LCODE ‘:
LINE = 2

TWRITETT,20Y
20 FORMAT({1Hl.* INT FILE REC START-SEQUENCE DAY HR MN SC END-SEQUEN

_ JICE DAY HR MN SC NCNDE  ISTART  TIMEl ~  TIMEZ TEND®/) =
GO TO{T100,300,400 ). CANE ) T =
c o ‘
C SECTION 3 - WRITE TIME INTERVAL VALUES AND ANY ERROR MESSAGE. AR .
R o H e e e e et =
300 CONTINLE R 4
1ER = 1 | ZE S
TOIF{TERROR,GT.IWER =2 7 oo oo e e - P
WRYTE( 7930 JSRRIND{IER },NINT NFILE4NRECORD sNDAYL yNHOURL yNMIN1 o -
1 NDAYZ » NHITURZ o NMINZ 4 NYEAR, L ISTOP ,NPLOTOP yNPLTSAY, . -
27 T T TERRMESTUM, TERROR J,LM=143) , TERROR ,NSECTN, NFIRSTINAFTERy ™~~~ "% %
3 1TIC =25 B
30 FORMAT(ALIO,154% NFILE=%,13,% NRECORD=%y14,1H ys15,21441%Xy 154214, -'Ef 3
T T T W T NVEARER, TS, IHL B3T3, 1%, 3810, TS /16X ¥NSECTNE X, 19, THs -
) % NFIRST=%419,1Hye% NAFTER=%,19,1Hy* ITIC=%,19)
LINE = LINE + 3 N
S TRETURN T T T T TTTIITIT shms s e e e : -~
€ SECTION 4 ~ WRITE ONE MONITOR LINE DR ERROR MFSSAGE. \ ¥

c .- e e e e

400 CONTINUE
LINE = LINE + 1
TIFLTFEMP L ED.3 Y60 TO 450
WRITE(7435 ININT+NFyNRy (M_ERR(LM, IFEMP} 41 M=143)
35 FORMAT{1Xy214,415,2%,3A10) -
RETURN™ 7 7 7 o o e s
450 CONTINVE
IF(NCNNE.EQ.3)GA TO 500
WRITFE (7340 ININT (NF  NRy INSTRYT ,NEWDAT{ 1, INSTRT ) IDAY( INSTRTY, ~ 77777 ° =777~
1 NEWDAT (3, INSTRT )}y NFWDAT {4, INSTRT),NEWDAT{5, INSTRT},
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2 INENDNEWDATTT, TNEND J, IHAY(INEND ), NEWDAT{ 3, ITNERDT, ~ —~—— —— — — — "m /" —=
3 NEWDAT (44 INEND ) yNEWDAT(5,INEND ) yNCODEyISTART, wor
& ITIMUINSTRT }4 ITIM{INEND} 4 [END o
RO TFORMATUING 216,15, 21%F S, 12,5128, [T 15,313V, T4, 3%, 41107 S A
RETURN :;,
500 CONTINUE . , T
TMRITE( 7450 ININT, NFy NR A
50 FORMAT{IX,214,15,2Xy%ALL OF THIS RECORD PAST END OF INTERVAL*) Zr
RETURN eh s
ol e e o e
C SECYION 5 - WRITE TERMINATINN MESSAGE, o
C

71000 CONTINIE o '““ T T T T T e e 'g—”‘—@

WRITE( 7460 ININT NF
60 FORMAT(1H1///% ABNORMAL TERMINATION%/* END (OF TAPE REACHED IN INTF

T IRVAL NOL¥F,TA7% NF =%,14) T T R T
RETHRN
2000 CONTINUE
T T TRRITELN T, 70T . T T T e e e e e e -'.
TC FORMAT(1HL1///% NORMAL TERMINATION®)
RETURN
END e e e i e m e

SUBRDUTINE TIMEND([TFSAME, IFEMP yISTART; IEND NCODE]

SUBRDUT INE TIMEND - J.5, BURGESS FOR EXPLORER 35 SEQUENCE AVE,.

TIMFND IS CALLED FROM E3SDRV TO NDETERMINE THE FIRST (INSTRT) AND

TCAST TINENDT SEQUERCES (FROM A OATA RECUORT TJF 60 "SERQUENCESY TRAT ARE™ = — ©~ =7 7 7 77 oeo—ee——
CONTAINED IN THE CURRENT TIME INTERVAL. TIMFND ALSO REMOVES DVER[LAP,

CALCULATES EACH TIME IN TDTAL SECONDS, GETS ACTUAL DAY DF YEAR, AND

DETERMINES TF THE END OF THE TIME INTERVAL HAS BEEN REATCHED. e T e o T -

COMMON/DATOUT/NEWDAT (26,60 1, IDUM
T COMMON/XTIM/IDAYTAD T, ITIRT6O T, INSTRTINENNLSEQSAY 7~~~ » 7z memeen e nn

£ NOTE - IFSAME = 1 MEANS RECORD CHECK AND TIME CAi_CULATIONS MUST RE
c MADE FOR THE CHURRENT DATA RECORN,
C ~ TFSAME =7 MEANS THAT ANEW TIME INTERVAL REGINS TN THE SAME™ "~ 77 7 T T T
c RECORD JUST PROCESSEN RY TIMFEND, SO SKIP SECTIDN 1.

GU TOL1L00, 400)IFSAMF
c — e L T L el o o - - - - - ——
C SECTION 1 - TIME CALCULATIONS,



100 CONTINUE
C FIND LAST GOOD TIME IN RECORD.

00 200 I=1,60 -

IFINEWDAT(1461~1 ). E0-999999.AND NEWDAT(S5,61-1).FE0,0)G0O TO 200
60 T0 210

200 CONTINUE —— R — —_

C NOTE — IFEMP = 2 MEANS NO GDOD TIMES. RETURN FOR NEW RECORD.
IFEMP = 2

T T T T T T T RETURN Tt o T —
210 LASTIM = 61-1
C ELIMINATE OVERLAP AT END OF RECORD.

T T T IFILASTIMGLTL.2)G0 TO 290 T T T o
DO 250 I=2,LASTIM
IF{NEWDAT(14+] ).GT.NEWDAT{1,1-1))G0 TCO 250

IFTRENDATT{T s T T-UT . I000, AND NEWDATT L, T-1 1. 6T, 999000Y 250,270 — —
250 CONTINUE
GO TO 290 -

o T e TG CASTIN T E 1T o T T T e e - o
290 CONTINUE
C GET ACTUAL DAY OF YEAR AND CALCULATE SEQUENCE TIMES N TﬂTAL SECONDS.

b e =R R0 121 ,CASTIM
IDAY{I) = NEWDAT(2,1}) + 1
CALL TIMCON(-3,IFER, ITIM(T ), IDAY!I)vNEHDAT(B IlyNEHDATl#oI)qNEWDAT

e & - D A B T T T T
300 CONTINUE
GO 70 410

——————p - - ——— -
: C SECTION 2 - DETERMINE INSTRT AND INEND
C

400 CONTINUE : e e e e e
IFSAME = 1
C NOTE — IFEMP = 3 MEANS EVERYTHING IS K.

410 ITFEMP = 3
C FIND FIRST SEQUENCE TIME IN TIME INTERVAL.
DO 500 I=1,LASTIM
Cem= e e s T TEINEWDATUISTT.GTLLSEQSAVIGO 107430 ~ T T oo o
IF(NEWDAT(1,1).LT.1000.AND,LSEQSAV.GT. 999000)490.500
490 IF(ITIM(I).GE.ISTARTIGO TO 510
- BoU- CONTINOE —— "~~~ "7 e = S e em e e e
C NOTE - IFEMP = 1 MEANS ALL OF TIMES IN RECORD AR= BEFDRE THE START OF
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THE CURRENT TTNE TNTERVAL. RETURN FOR & NEW RECORD.™
IFEMP = 1

RETURN
T T STOINSTRY =TT g ' I
MTIMFIX = LASTIM+I~INSTRT

ILASTIM = LASTIM+]

Tt T FIND CAST SEQUENCE TIME TN TTWME INTERVAL.,

DO 600 1=1,MTIMFIX

IFCITIMUILASTIM-T).LELIENDIGD TO 610
s T — 5D CONTINUE " T ™
C NOTE — NCODE = 3 MEANS THAT ALL SEQUENCE TIMES ARE BEYOND THE END TIME 2
C OF THE CURRENT TIME INTERVAL. THEREFORE, THE END HAS REEN L
= o emmTn T T REACHED AND THERE IS NI NEW DATA FUR PROCESSINGS -
NCODE = 3
RETURN
Tt T T TBRIN INEND = TUASTIM-T o Lo
IF(INENDOLT. LASTIM.UR.ITIM!INEND) EQ.IEND} 620,630 e
C NOTE - NCODE = 2 MEANS THAT THE END OF THE TIME INTERVAL HAS BEEN
- T T T T T RETECTEN, BUT THRERE TS SUME NEW TATA FUOR PROCESSTNG.
620 NCODE = 2 E

RETURN
TTCNOTE - NCODE " MEANS THRERE. IS NEW DATA FDR PRUCESSING ANUTTHE ERD
C OF THE TIHE INTERVAL HAS NOT BEEN DETECTED.

———— e m e —

630 NCODE =1
T TTTULSEOSAV = NEWDATUL, INENDY ' T T

RETURN

END




TRW sysrems
CARD T OUNT 889




e ———

APPENDIX B

THE UPSTREAM ESCAPE
OF ENERGIZED SOLAR WIND
PROTONS FROM THE BOW SHOCK



21333-6014~RU~00

THE UPSTREAM ESCAPE
OF ENERGIZED SOLAR WIND
PROTONS FROM THE BOW SHOCK

by

Eugene W. Greenstadt

Space Sciences Department
TRW Systems Group

Presented at

The Neil Brice Memorial Symposium
Magnetospheres of Earth and Jupiter
Frascati, ltaly
28 May-1 June 1874

May 1974

Space Sciences Depariment

TRW Systems Group
One Space Park
Redondo Beach, California 90278



Page i

THE UPSTREAM ESCAPE
OF ENERGIZED SOLAR WIND
PROTONS FROM THE BOW SHOCK

by

Eugene W. Greenstadt

Space Sciences Department
TRW Systems Group
Redondo Beach, California 90278

ABSTRACT

Protons of energies up to 100 Kev have been consistently observed travel-
ing upwind from the bow shock in the sclar wind. The conditions determined by
the geometry of escape are defined and the resulting restrictions on pitch
angles and tota! energies are computed. It is found that backstreaming protons
of observed total energies are compatible with typical angles of the upstream-
wave region boundary but that geometrical conditions alone do not select the
boundary angle. It is also found that the high energies of 30-100 Kev, the
100 Kev cutoff, and the pitch angles of 60°-90° reported recently by Lin, Meng,

and Anderson are compatible with the conditions imposed by escape geometry.
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INTRODUCTION

A constellation of field and particle precursors has been identified up-
stream from the earth's bow shock. Backstreaming 2-7 keV protons (Asbridge et

al., 1968; Scarf et al., 1370) and electrons (Anderson, 1969; Feldman et al.,

1973) have been identified directly, and an association between backstreaming
protons and electric and hydromagnetic precursor waves has been found emperi-
calty (EEEEE.EE.EL" 1971; Fredricks et al., 1972) and explaored thecretically
(Fredricks et al., 1971; Barnes, 1970; Fredricks, 1974). in addition, the
coincident occurrence of hydromagnetic precursors, 'pulsation,' or relation,
shock structure, and quasi-paraliel field orientation has been documented
(Greenstadt et al., 1970a; Greenstadt, 1972b), and it has been concluded that
the longest-period hydromagnetic precursors could not nave propagated upstream

from the shock, but must have been generated Upstream by some ather agency

t al., 1970b; Fairfield,

and swept downstream with the solar wind (Greenstadt
1969) . Finally, it has been shown that protons reflected from the bow shock
should be accelerated by the interplianetary electric fleld, seen in the shock
frame, to energies comparable tc those ocbserved by piasma experiments
(Sonnerue, 1369). These energies correspond to particles traveling along B
at velocities comparable tc the rate at wnich locally-excitud nydromagnetic

precursor waves appear to progress Lpstream (Greenstadt et al., 1970b).

Jespite the seemingly tight logic by which the foregoing resulits might be
taken to imply that quasi-parallel geometry, reflected particies, hydromagnetic
precursors, and relaxation shocks are sll aspects of the same phenomenon, the

circle has never been closed experimentally: faor example, no report has been
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published showing protons of the proper velocity component along B being observed
simultaneously with precursor waves progressing upstream at the same rate in the
appropriate magnetic geometry. Even statistical data on the energies of reflected
fons or the rates of precursor progression as functions of location of the point
of origin on the bow shock are unreported. Recently, some difficulty in con-
necting upstream waves with particles has developed out of the systematic obser-
vation of backstreaming protons with paralle] velocity components and total
energies much too high to be associated with the usual long-period upstream

waves (Lin et al., 197h). Thus, there is need for a fresh effort to examine

the relationship between reverse flowing protons, upstream waves, shock

structure, and reflected-particle energization.

This report sets forth an initial attack on a fairly straightforward part
of the problem: To what extent does the geometry of individual particle motion
alone select among reflected particles those that can escape upstream and those

that cannot?

In the following paragraphs, the geometry of escape is described and some
simple numerical examples are worked out for a few special cases. It is found
that finite pitch angles are compatible with, and, indeed, necessary to produce
experimentally-observed particle energies for protons moving along B at typical
wave generation advance rates or, equivalently, for protons appearing upstream
on field lines making specified maximal angles with the local shock normal.

It is found that geometrical restrictions do not select particles with any
particular parallel speed and thus do not explain the observed upstream wave
cutoff at field-normal angles of about 50° and, consequently, do not single

out any particular group of particles responsible for upstream wave generation.



Page 3

Somewhat surprisingly, protons with rather high energies and pitch angles can
escape the shock at only marginally quasi-parallel! field orientations {i.e.,

GHB % 50°), if they have quite moderate speeds paralle! to B.

Frequent reference is made in the text, for purposes of example, to the
"Wela~Explorer case.'' By this is meant the only instance in which the upstream
wave progression rate has been measured at a specific location on the shock

(Greenstadt et al., 1970b).

THE GEOMETRY OF ESCAPE

Assumptions, Conventions, and Definitions

For simplicity, we place ourselves exclusively in the ecliptic plane so
that we have an observation point on the ecliptic outside the shock. Solar wind
velocity and field vectors st and §Sw are assumed in the ecltiptic, and we deal
with the shock locally only as a plane whose unit normal lies in the ecliptic.

't s convenient to work with dimensionless ratios and at the same time not un-
reasonable to suppose that reflected particle velocities are proportional to
the solar wind velocity, so we dimension all velocities and energies by reference

to sz, and adopt the convention that the projection u“ of a reflected particle's

Y . 1
Sy’ S Therma

velocities can also be written as a fraction of sz, should they need to be

velocity on gsw is a product of some scalar p and A i.e., u” = pV

taken into account. |f the particle also has & velocity ul_perpendicular to ESW'

we shall set %L = PVSW and note that u” is the guiding center velocity in the

L
plasma frame and the particle has pitch angle a = arctan :L = arctan P/p,

also in the plasma {solar wind) frame.

The left side of Figure | defines a set of quantities to be used in this

report, The curve represents the ecliptic intersection of the bow shock: n
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s the local normal at a point located at angle eXR from the sun-earth line
{X-axis). The shock is taken to be symmetric about the X axis and is given
by Y2 = 331 [}%-75.25]2" 368;1. This s a symmetrized version of Fairfield's

(1971) average shock used in an earlier paper (gceQQ§tad§, 1972a). The right

panel of Figure 1 is a plot of an ¥s Byp for the dawn side of the given
symmetric shock. It will be useful to refer to Figure 1 in reading the following
analysis.
~60 Y T T T T [ 1 ' I '
A
SwW -
ANGLE OF
%n  (DEG)
- SHOCK NORMAL .
~30 TO X(SE) -
NOON DAWN
- 0 1 l I I l L
0 =30 ~&60 =90 BXB (DEG)

Figure 1

Negligible Pitch Angle

If a reflected proton travels in the ecliptic exactly along gSW’ then

P =20 and its velocity Y, as measured by a satellite sensor in the bow shock's

~

frame is ¥ = pVg B + Vo, = p¥ey (cos Oyp>

I

=sin 8,p0,0) + Vg, (-1,0,0)
_ _ . . e - A2 _ .
sz(p cos eXB 1, -p sin SXB'O)' Its energy ratio is Er/Esw p-+ 1 -2p
cos eXB' The numerical result for the Vela-Explorer case (Greenstadt et al.,
1970b) is instructive: There, at the time the upstream wave advance rate was
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measured, SXB = 58%5, Figure 2 shows Er/ESW as a function of p for this angle.
The value p = 1.6 found there would correspond to Er/ESW = 1,8 if reflected
particies were responsible for the appearance of the waves. This is appreciably
lower than energy ratios of backstreaming protons measured by Vela (Asbridge

et al., 1968) or furnished by equation {5} of Sonnerup (1969}, which gives
Er/Esw = 3.25 when evaluated at ¢ = 5835, ¢ = 2195, 8 = 1/2, u =y = 0. In

the notation of this report, ¢ = BXB’ ¢ = an, -0 = enB'

E/Esw

Figure 2

These comparisons suggest that P = 0 is a poor approximation to use.
The relative positions of shock and satellite in the dual satellite case and
the cases reported by Asbridge et al. are unknown, however, so direct com-
parison is impossible. Nevertheless, g simple geometric generalization con-

firms the indication that P £ 0 if upstream waves and protons are tightly

bound to each other. Figure 3 displays Er/ESW for P = 0 at various positions
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along the ecliptic profile of the shock in the western hemispﬁere, at what,
Judging by statistics of upstream wave and pulsation shock geometry, should
be an improbably high cutoff angle, enB = 60°. Position on the shock is
designated by GKR (see Figure 1). A high cutoff angle tllts the field toward
the antisolar direction, ralsing the total energy sensed by a sun-oriented
detector for particles trav;Ting along ESW' We see In Figure 3 that not until
near the dawn meridian (6,, = -60°), and only with p 2 1.9, does Er_/ESw equal

XR

t for enB = 60°. The morning measurements reported by Vela were taken at

141

about this position and found Er/ESN 5, which would be compatible with such

XR T -60°, GnB = 60°, p=1.9, P =0, but would be too

high for any p < 1.9, or BnB < 60°. If we assume morning-afternoon symmetry

a combination, i.e., 6

when backstreaming protons are detected in the afternoon quadrant, then one
of the Vela cases, at SXR = 53°, gave a value Er/ESw = 6.5 much too high

for 6,5 < 60° or p 2 2.3. The limited statistic on p, which has been fairly
effective at correlating quasiparallel structure when p= 1.6, and the more
extensive statistic on upstream wave cutoff, which usually occurs at 40° <

enB < 50°, suggest that the observed reflected proton energies were above
those allowed by the calculation of Figure 3, and cannot have been produced
by particles traveling paralfel to st only. It would follow that P # 0.

This suggestion is virtually certified by the recent work of Lin et al. (1974)
describing backstreaming protons with high pitch angles and Er/ESw up to

100 Kev forward of the bow shock at enB ~ 45°, We shall return to this obser-

vation later.
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E/Esw

(4]
F-N

Figure 3

So far, we have simply rummaged in the available data for some empiri-
cal support for what must anyway be an intuitively incontroversial notion:
reflected particles are unlikely to leave the shock exclusively at zero pitch
angle in the plasma frame. The general case, P # 0, can be developed, how-

ever, by building on the geometric foundation already set forth.

Finite Pitch Angle

New terms used in the following paragraphs are defined in Figure 4.

-~

The ecliptic plane contains 5, !, E, ?L, and n, and Z is the usual ecliptic

pole. The solar wind impacts the shock at velocity sz

shows the common XYBBl? plane looking down in the direction of negative Z.

along -X. The insert

We are interested in a proton whose trajectory, given by the vector S from
the origin, follows a spiral along B away from the shock, as depicted. Its
guiding center has speed un = pVg,» and its Larmor radius is a_ = ul/mc =

vaw/mc. We shall enhance the clarity of the ensuing discussion by treating
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the unshocked plasma as if at rest at zero temperature, so the shock, moving
upward along n at speed sz cos an, encounters protons at rest, some of
which are picked up by the shock, accelerated, and emitted, like our test

particle, at phase ¢ and time t = 0. These protons spiral up B.,, with the

~SW
shock in pursuit. Phase angle ¢ is defined as 0 when 9L is parallel to ?l,

l.e., when the reflected proton escapes the shock at S(X,Y,Z) = (0,0,ac).

Figure 4

We are interested in those protons that are not overtaken by the shock
after they begin their corkscrew journey away from it. These are the par-

ticles that will be detected far upstream and with which we continue to
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assume that upstream waves are associated. The condition for ''free escape'’
is S*n > szt cos GXn for all t > 0. Note that a proton is most vulnerable
to recapture when it circles around to the "bottom" of its spiral the first
time (¢ + wt = 2m), shown as point Q in Figure 4. it should be intuitive

that only some ratios P/p will permit free escape. It is less obvious that

phase ¢ at t = 0 strongly influences the acceptable range of P/p. |If Sn

3'n, the condition previously stated can be written Sn(t) - Sn(O) > Vgt cos

which, when expanded, yields the inequality:

sin (mct+¢) - sin ¢
P sin @

nB Wt
¢

Combinations of p, P, and ¢ which satisfy this relation for all t define the

free escape particles. Actually, the above expression places a maximum limit

on P/p > 0 for each value of t, but since the inequality must be satisfied

for all t, there Is a least such maximum }imit for any given ¢.

NUMERICAL EXAMPLES

The Observed Case p = 1,6

To make the foregoing result more concrete, we turn again to the Vela-
Explorer dual satel]lte examp le where BﬂB = 37°, an = 21735, GXB = 58°5, and
p=1.6. Figure 5 shows a vector velocity diagram on a polar plot of P vs o
for these parameters. The length of each arrow indicates the greatest rela-
tive velocity P = ulfvsw a proton may have to escape the shock if it emerges

at t = 0 at the phase position represented by the tail end of the arrow. In

+ (p cos enB - cos an) >0 . (1)

~
—
)

the figure, we are looking backward along §Sw at the projection of the proton's

Larmor circle on a plane perpendicular to gsw; arrows are placed at 30° phase

increments.

Xn

3
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24.8

Figure §

The computation summarized in Figure 5 allows a wide range of possible
maximum P for arbltrary ¢. The outcome can be narrowed significantly, however,
by reasoning that a stationary proton, initially captured, according to
assumption, by the shock at relative normal speed sz oS By, will enter
the shock layer at ¢ = 180° and emerge after one-half to one cyclotron orbit

at 0° £ ¢ £ 90°. Subject to this argument, P would take on values up to about

2.7.
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The energy ratio of a reflected proton of finite pitch angle measured b
a directionally-sensitive detector, and its direction of arrival, will depend
on the phase ¢D of the spiralling particle at its instant of detection and on

the angle eXB the interplanetary field makes with the solar wind flow (along X):

= 2 - .
Er/ESw =p°+ P+ 1 -2 (p cos eXB + P cos ¢D sin BXB)'

If ¢D is 0 when the proton is at the sunward extreme of |ts Larmor spiral, the
highest value of Er/Esw is achieved when ¢D = 7, and the lowest when Py = Q.
Figure 6 shows the behavior of the maximum and minimum of Er/ESW vs p for

¢D = T and 0, respectively, when P takes on its maximum values of 2.66 and

& at ¢ = 0° and 90°. The P = 0 result of Figure 2 is repeated as the dashed
curve, for comparison. Obviously, introduction of the limiting P value for
reflected protons raises appreciably the possible measured energy of escaping
particles over that permitted when P = 0. In fact, at p=1.6 there is no

difficulty in providing backstreaming protons of energy 6 kev or more (such

as those recorded by Vela) for ¢D =T, $ =0°. One may interpolate visually

to appreciate that the same is true for a range of ¢D <7, ¢ > 0° as well,

The Subsolar Point

Another specialized case of considerably more general interest js illus-
trated in Figure 7. Here, the curves represent the maximal detectable energy
ratio Er/Esw (at ¢D = 7) of protons reflected from the subsolar point of the
shock (eXR = ex” = 0) and traveling along QSW at the forward edge of the up-
stream particle (= wave?) region. Exit phases ¢ = 0 and 90°, with three pos-
sible cutoff angles enB for each phase, are shown. To clarify the interpre-
tation of Figure 7 by specific example, suppose a satellite-borne proton

detector is located in the ecliptic upstream from the bow shock, westward and

i
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PROBABLE RANGE OF REFLECTED PROTON ENERGIES AT JULY 66 OBS . FT.

14

12

E/Ew

- ‘IIIIIFIIIII

Figure 6

forward of the subsolar point, and the Fntcrplanetary field, which has been
perpendicular to the solar wind tlow thereby cutting off alj reflected par-
ticles, rotates suddenly to a stream angle of 5p°, connecting the satellite
to the subsolar point. Then reflected protons barely emerging from the shock

at ¢ = 90° with u”/\lsw =p=1.6, after completing three-quarters of 4 cyclotron

rotation in the shock layer, will be permitted to arrive ar the satellite with
total energies up to Er = .6 ESW' AiternativeTy, imayine the satel]]te
moving antisunward in the Same upstream region and first encountering the

edge of the precursor Zone when snB = 50°; at that point protons will be
detected with u = 1.6 Vg, and E/Eqy < 1.6, It is an assumption that an
accompanying magnetometer would first detect Upstream waves at the same

time.
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High Energy (30-70 KeV) Protons

Another example provides some interesting numbers. We refer to the
insert at the upper left of Figure 8. Imagine a proton detector in the ecliptic
upstream on the morning side of the shock at the forward edge of the precursor
region (circled point), and suppose that the field angle enB corresponding to
that boundary of the forward region Is 40° to 50° at the subsolar polnt
(where the shock normaf is parallel to the X axis). Then, for escape angles
¢ = 0° and 90° at the subsoclar point, our formulas for P and Er/ESW give the
maximal energy ratios vs p shown in the curves in the main part of Figure 8.
The figure states, for example, that a proton can leave the subsolar shock at
¢ = 0°, travel along ESW at 40° to the normal, with parallel component {guiding

center velocity) u” =3 sz, and escape upstream with energy as high as Er =

100 ESN' A bulk velocity of the solar wind corresponding to 1 Kev would imply
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Er = 100 Kev. Such an example would provide the high energy particles found

by Lin et al. (1974) without invoking any acceleration enroute. The shaded

region of Figure 8 denotes the width of the 30 to 100 Kev energy channel of

the Lin et al. experiment, for a 1 Kev solar wind. We see that, for p = 5,

which was at the extreme of the distribution Lin et al. found, even a proton

barely escaping at ¢ = 90° with the field at 50° to the normal could have total

energy high enough to be recorded in their 30-100 Kev channel. The shapes and
ranges of the curves suggest that a preference for escape angle of inter-

mediate ¢ = 45° could easily explain both the consistency with which the 30-

100 Kev channel was occupled for moderate p and the apparent absence of protons

above 100 Kev even at high p.

PROBABLE MAXIMUM ENERGIES OF REFLECTED PROTONS FROM SUBSCLAR POINT

100
MAX,

E,/Esw

10 &= -
- ¢=90° 3
- -

! 1 I | i I | I
i 2 3 4 5

p

Figure 8
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DISCUSSION

The geometry of escape and the numerical examples described above demon-
strate that protons can leave the bow shock and travel upstream with almost

arbitrary energy, given only the appropriate p, 8, , enB’ and ¢, and can

Xn
satisfy observation with very reasonable selectlon of values for these parame-
ters. However, we do not know the correct values of p or BnB' even at the

subsolar point, or, In any event, do not know that we know, nor do we know

the acceleration mechanism.

The foregoing calculations regarding high energy protons cannot there-
fore be used as evidence that such particles are produced at the bow shock,
but only that, if produced, they can escape upstream with the characteristics
already observed. The maximal energy ratic yielded at the subsolar point by
EEEEEﬁEBJf (1969) formula for protons energized by the Interplanetary electric
field is approximately 6.7 at 8.5 = 50° (setting his 6§ = 1/2, u=1v = 0).

In Figure 8, this would correspond, for ¢ = 90°, to p = 1.9 (square point)
and, incidentally, to P = 1.9. Clearly, if the interplanetary electric field
is all there s to work with and p Ts about as small at the subsolar point
as it is on the midmorning flank, where p = 1.6, the protons of Lin et al.

cannot be explained without invcking some upstream energization process,

as those authors do.

But consider the following: the entire preceding exposition has treated
only cold particles encountering the shock at relative speed sz and leaving
it with combinations of p, P, enB,¢ , etc, rendering them capable of perfect
escape. But what of those that don't satisfy the inequality (1)? Are they
all retained or recaptured by the shock? What happens, for instance, to a

proton that emerges, say, at ¢ = 60° with P = 2 when p = 1.6 (see Figure 5)?
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It seems reasonable that some particles will encounter the shock two or more
times, accelerating each time and compounding their total energy until it
reaches a high level. A proton of 30 Kev has observed velocity of only about
5.8 sz for a 1 Kev solar wind. This does not seem impossible to achieve by
multiple reflection when a double reflection may multiply the original rela-
tive velocity by, say a factor of 2.56 (= 1.62), especlally remembering the
character of quasi-parallel shocks with their large amplitude pulsations and
frregular boundarles. The question of whether energization by multiple re-
flection in quasi-paralle! turbulent waves should be deslgnated as a shock
process or an upstream process may thus be only semantic. it Is thls author's
provisional belief that most if ndt all of the acceleration responsible for
the high energies detected by Lin et al. occurs close to the nominal shock
although some may be technically "upstream.’ The only apparent difficulty

is providing the proper ratic of P/p = v5.5 = 2,3 for such reflected protons.

The provision of adequate P/p by the physlics of shock reflection, the
introduction of finlte temperature, and the representation of three-dimensional

reflection In the curved bow shock are left for future analysis.

CONCLUSION

The first-order calculations described in this report support three

conclusions:

1. The geometry of escape does not by itself select from all possible
backstreaming protons a particular group that wouid necessarily leave the

shock at enB > 50°, if.e., with u” = 1.6 sz.
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2. The geometry of escape does, however, permit backstreaming protons to
leave the shock at 40° % 9 5 < 60°, with 1.5 % u'/vsw % 2 and a wide range of

total energles comparable to those observed, i.e., 2 $ Er 10 kev.

3. The geometry of escape permits backstreaming protons of 30-100 keV
to leave the subsolar region of the shock at 6.5 = 50° with 2 < u“/\fsw <5,

hence with large pitch angles.

fhe first two conclusions above Imply that the connectlon between upstream
particles and waves should be found In the selectivity of elther the shock
acceleration process itself, the growth rate of the appropriate instability

in the solar wind, or the dispersion characteristics of the wavemode. We

close by noting that it seems intuitive that for a given BnB’ the larger

the shock radius of curvature, i.e., the less convex it is locally, the more
likely a particle will undergo multiple reflection before free escape upstream.
Higher energies should therefore be expected for particles upstream from inter-
planetary shocks, and from Jupiter's bow shock than from the earth's., Such
particles have been observed (Armstrong et al., 1970; Simpson et al., 1974),
and the acceleration of protons to relativistic energies by multiple re-

flection in interplanetary shocks has been developed theoretically by Sarris

and Van Allen {(1974).
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STRUCTURE OF THE TERRESTRIAL BOW SHOCK
Eugene W. Grgenstadt

Space Sclences Department
TRW Systems Group
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Redondo Beach, California 90278

ABSTRACT

An extensve examlnation of bow shock morphology has progressed to a
point where distinctions in shock structure, as sensed by a variety of diag-
nostics, can be correlated with M, B, and enB iIn the solar wind. Shock struc-
tures are now deslgnated guasi-perpendlcular or quasi-parallel, and laminar,
quasi-laminar, quasli-turbulent, or turbulent, depending on the ambient parame-
ters set. For quasl-perpendicular geometry, electromagnetic turbulence, as
detected by magnetlc sensors, Increases with B, independent of M. lrregu=
larity of the shock transition layer and plasma wave nolse in the layer
increase with M, Independent of B. For quas!-paraltle! geometry, the shock
layer broadens and breaks up, showlng strongly pericdic components at the
lowest frequencles, limited levels of plasma wave noise, and marked precursor
effects. The parallel shock produces a hybrid average ion spectrum character-
istic of nelther solar wind nbr magnetosheath. The shock Is summarized as a

complex plasma system in the solar wind,
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INTRODUCT | ON

A persistent objective among researchers concerned with the solar wind-
magnetosphere Interaction region has been to study the intricacies of col-
lisionless plasma shocks. Two interrelated questions are at the heart of

the Issues ralsed by shock investigatlons:

1. What processes limit the steepening of the waves composing the
shock by dissipating flow energy, thus preventing the superposed
waves from forming a discontinulty of infinite amplitude?

2. What processes heat the streaming lons, giving them a Jjump in
temperature across the shock?

Answers to these questions are known not to be unique but to depend
on varlous qualities of the flowing plasma In which the shock forms. The
qualitles most important to determination of shock processes are apparently
defined by comblnations of three guantities: Alfvenic or magnetosonic mach
number MA or MMS' ratio of thermal to maghetic field energy B, and angle
snB between the shock normal and the magnetic field vector Tn the unshocked
plasma flow. The importance of these quantities Is illustrated, for example,
by a property dependent on M: when M is ver% low {2 1), ion heating is
negligible and questlon 2 hardly arises, while when M is high (= 5), fon

heating is appreciable and indeed exieeds slectron heating.

For reference, these quantities are defined here as follows: HA =

- 2 ) 1/2 _ 2 _
VI/(CAI + Cg) ) , B = B“N]k(Ti] + Te])/B] , BnB = arcos

(§1°5/]BI|)' where CA and CS are Alfvenic and sonic velocities, N denotes

Vi/Caye Mys
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density, n the shock normal, B the magnetic field, T, and T the lon and elec-

tron temperatures, and subscript 1 refers to the unshocked (upstream) plasma.

Isolatlon of the effects assoclated with each of these quantitles Is
the first step In moving toward answers to the questions posed. This has
been achieved in part In the laboratory, but always within certain inherent
experimental limitations, such as thé presence of chamber walls. The earth's
bow shock parameter separation Is just now becoming a reality through the use
of high resolution data sampling and simultaneous measurements by two space-
craft and by groups of related diagnostics. An extensive case by case study of
the bow shock based on isolation of the various parameters is in progress by
V. Formisano, C. T. Russell, F. L. Scarf, M. Neugebauer, and the present author.
This report synopsizes the early results of the investigation using data princi-
pally from 0G0 5 and HEOS 1. The main result is successful isolation of shock
structures by parameter set and correlated diagnostic behavior. We shall first
modify the existing shock structural nomenclature to suit the results of space-
craft observations and to provide the terminology needed in the remainder of the
paper. We then display a few examples of shock morphology for a wide range of
plasma states, as seen with various diagnhostics. We summarize by describing
the bow shock as a system in the solas wind, note its advantages as an object of

shock Investigation, and close by listing a few aims of future study.
CLASSIFICATION AND NOMENCLATURE

Existing Classifications. The classification scheme for shock struc-

tures with which most workers are faililar arises out of laboratory experience

(Paul, 1971) and theoretical idealization (Tidman and Krall, 1971). There are

two main divisltons for magnetlc shocks, by which we mean those in which the
flowing plasma includes a magnetic field. These divisions are Perpendicular

and Oblique, as defined in Figure la. The Perpendicular Is actually a narrowly-
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defined case in which enB s almost exactly 90°. More precisely, the restriction
m

on this division }s that the complement of enB 2 arctan whilch means that

+
B must be within 1°3 of tangency to the shock ''surface.'" The latter division,
Oblique, !s intended to include every other enB’ with the possible exceptlon

of the parallel shock when BnB = 0°, The question marks designate the range

of 8 _ essentially unexplored.

nB
PARALLEL
PERPENDICULAR #~-— OBLIQUE —»
|
v
90° «» 88.7° 527272272 o°

Figure la

Perpendicular Class. Most experimental work has dealt with perpendicu-

lar shocks, which are further subdivided into parameter ranges of B and M as
shown in Figure 1b. Mc denotes a “critical'' mach number which is in turn de-
pendent on B, In low-B shocks the magnetic field dominates the internal

(thermal) disorder of the plasma. At low M, resistivity and/or dispersion

1imit shock steepening up to Mc, and the shock has a thin ramp profile. Above

Mc resistivity and/or dispersion are inadequate, and an effective viscosity is
needed to provide additional dissipation. The shock then broadens, and reflected
ions form a foot ahead of the main shock ramp. The resistive critical value Mc =
M: l{es roughly between 2.3 and 2.7, tending to decrease with rising 8. |In

ultra high-R shocks, thermal disorder dominates the field, perpendicularity be-
comes moot, and the structural distinction between subcritical and supercritical
shocks loses identity probably because of the reduction of MC to very low values
between 1.0 and 2.0 (see reference to Figure Ic below). A useful experimenter's

review has been given by Paul (1969).
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PERPENDICULAR SUBDIVISION

SUBCRITICAL 1.0 ¢ M<c M
LOW g B << 1 c
SUPERCRITICAL Mc < M
HIGH B g > 1
Figure 1b

Oblique Class. Experimental work with oblique shocks (Robson, 1969)

has been confined almost entirely to the range 45° < BnB < 90°, a limitation
important to the revised classification with which this paper will be con-
cerned. In general, oblique shocks preserve the subcritical/supercritical
subdivision of perpendicular shocks Insofar as resistive/viscous dissipation

is concerned, but add to the structure & large amplitude, damped whistler wave
standing upstream from the main ramp at low M and downstream at high M while
losing the supercritical 'foot'' of reflected ions. The Tons presumably escape
upstream along the field. Another feature of oblique shocks is an additional
dependence of MC on BnB as well as on B. A typlcal dependence has been computed

from theory by Drummond and Robson {1969) and is displayed for a few parameter

combinations in Figure lc. The shaded section of the figure denotes the values

of @ incompletely studied In the laboratory. The figure shows that Mc, in

nB
this case M:, diminishes with decreasing enB and increasing B until the parameter
distinction between subcritical and supercritical structure almost vanishes for
parallel shocks with g 2 1, where Hi is close to 1.0, the minimal M for having
any shock at all. In other words, at the extreme lower right of the panel vir-
tually all structures ought to be supercritical with respect to MK, with

viscosity as the necessary dissipation mechanism taking over when resistivity

no longer suffices. Dispersion can also limit shock steepening for M > M:,
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however, with viscosity not taking over until a higher critical value is
reached. The elevation of Mc by dispersion is indicated for cold plasma

{(R=0) at 90° and 45° by the arrows at the left of the lower panel. The result
of this elevation is to widen the ''subcritical'' range of M, making observa-

tion of low-M shocks easier. Wave breaking occurs at a still higher critical

number.

CRITICAL MACH NO. MA"’ vs 8 AND 8,

*
Figure lc

The relationships depicted in Figure lc seem to be in fair agreement with

laboratory observation for 88° 2 0 s 2 45°. Although the remaining range of
BnB has been extended to about 30° at high B experimentally (Robson, 1969),

It is more accessible and actually common, in the earth's bow shock.

Revised Classification. The chart of Flgure 2 introduces the classifi-

cation and nomenclature that will be used in this report. There are still two

main divisions in this scheme. Together, they encompass the very wide range

of © B hitherto called "obligue' plus two extreme classes, perpendicular and

parallel, defined as before. These last two are simply special cases ocbserved
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much less frequently in space than the others. The two principal divisions,
quasl-perpendicular and gquasi-parallel, memorialize the empirically-determined
distinction In magnetic structure that depends on whether the upstream fleld
in the unshocked plasma Is greater or less than about 45°. Physically, the
division probably separates those cases in which the upstream field prohibits
or permits the shock to communicate Its presence to the oncoming plasma with
sufficient energy to "preoscillate'' the field, "prescatter' the approaching
ions and, by feedback of these effects, modify its own structure through wave

ampliflcation (McKenzie and Westphal, 1968) or other process. Note that the

"quasiparallel' class covers just the range of enB unfamiliar in the tabora-
tory and corresponds to the ''pulsation’ shocks described by Greenstadt et al.
(1970); its cbservational range of identification has been almost entirely

the contribution of satellite measurements,

PERPENDICULAR QUASI-PERPENDICULAR QUAS|{-PARALLEL PARALLE.

< =) C
] B = 90° OnB 2 40°-60° 6nB T 40%-60° anB =0
n

QUAST TURBULENT

-l il -
LAMINAR {TURBULENT
L ,
' >
M< Mo—tah > Mc g cc] — P B

QUASI-LAMINAR

Figure 2
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Each of the maln classes may be subdivided according to various combi-
nations of B and M. The subdivisions are shown in the chart under the quasf-
perpendicular heading. Cold plasma at subcritical mach number is represented
by the laminar designation at the left, hot plasma at supercritical mach num-
ber is represented by the turbulent designation at right. The upper and
lower subclasses define two routes from simplicity to complexity of shock
structure. One, called quasi-laminar, results when a cold scolar wind flows

supercritically; the second, called quasi-turbulent, results when a hot solar

wind flows subcritically. Criticality is used here as a general term without
specification of what kind. Spacecraft results so far make a distinction

only of Mc less than or greater than about 3.0. The transitions in form are
assumed to be smooth as far as B is concerned, there being no critical value

of this quantity.

The scheme of the figure is a blend of abservation and speculation, as
not all designated categories have been observed in detail. It is anticipated
from the MC-B-BnB dependence of Figure lc that the subdivisions should become
increasingly indistinct or inapplicable in progressing from perpendicular to
parallel geometry. Certainly they should be increasingly difficult to record
as the range of subcritical M shrinks. Up to now, results have been consistent
with anticipation in that the quasi-perpendicular category has provided the
most complete documentation. In the sequel, it should be remembered that the
chart of Figure 2 does not exhaust the ways in which shock morphology can be
described. For example, the shock does communicate upstream for some angles
enB 2 45° by reflecting electrons rather than protons, creating a region of
small amplitude upstream waves of frequency about 1 Hz. Also, ratios Te/‘l’i
or Na/Np may be important in differentiating certain shock structures. The

possibility of overlapping classification schemes should be kept in mind.
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BOW SHOCK MORPHOLOGY

Quasi-Perpendicular Structures. Figure 3 displays four multidlagnostic

profiles of the quasi-perpendicular bow shock according to the scheme of
Figure 2, but with specific values Mc =3, = .) defining the subclasses at

the center. These values follow the empirical divisions of Formisano and

Hedgecock (1973p). ﬂe shall see that sultable plasma diagnostics follow

these dlvisions. The left and top examples were obtained at 1.15 sec/sample,
the botton and right examples at .lh4 sec/sample. All are from observations
by 0GO 5 instruments, with upstream parameters checked against HEQS measure-

ments, and free-stream magnetosonic mach number used throughout.

The laminar shock at left Is magnetically monotonic and virtually free

of macroscopic and microscopic turbulence. One cycle of a very small wave,
probably a standing whistler, is visible just at the foot of the ramp. The
uncal ibrated output of the Lockheed light ion spectrometer, below the field
profile, shows the presence of thermalized protons in the sheath behind the
traillng edge of the ramp. Next below, the 560 Hz channel of the TRW plasma
wave detector registers electrostatic noise up to a few miltilvolts/meter in
the ramp and just outside in the small standing wave. Below the plasma wave
panel, four channels of the x-axis of the JPL/UCLA search coil, uncalibrated,
show a region of magnetic noise up to about 100 Hz centered on the midramp

of the shock.

When B and M are both elevated above their ''laminar" values, the mono-
tonic nature of the ramp disappears, a clear foot develops, and macroscopic
turbulence is evident both ahead of and behind the principal leading gradient.

All of these features are apparent at the right of Figure 3. Also, in con-

trast to the laminar profile, the turbulent shock at right shows numerous

bursts of electromagnetic noise at frequencies up to and including ! kHz,



Page 9

with higher activity in various channels upstream and downstream. The symbol
X10 indlcates that the search coil data were recorded at 10 times higher
sensitivity than where the symbol is absent. This noise was also present
deeper in the magnetosheath. |In this case, the plasma (electric) wave noise
in the 560 Hz channel reaches about 50 millivolt/meter. The Lockheed
spectrometer records the scattering of protons behind the outermost irrever-

sible field gradient.
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If 8 Is raised, but M remains low (subcritical), the macrostructure of
the shock remains largely indistinguishable from that of the laminar case.

The quasi-turbulent example at top center shows a monotonic ramp and perhaps

a modest increase in fluctuation level just behind the ramp. The other diag-
nostics applied to the quasi-turbulent case reveal a distinctlon from the

laminar shock not apparent in the magnetic field profile. Electromagnetic

noise occurs at higher frequencies and amplitudes (X10) than in the laminar case,
even up to 1 kHz, and is not confined to the ramp, but remains intense downstream
in the sheath. Electrostatic noise does not reach above 1 mv/m in this case.

The electric wave frequency sampled, 7 kHz, is not the best frequency with which
to observe the shock with this diagnostic, but the electrostatic profile is re-
presentative, anyway; such Jow nolse levels are typical of quasi-turbulent shocks
observed in any of the lower frequency channels. Proton thermalization occcurs

at the rear of the ramp, as in the laminar case.

We look finally at the quasi-laminar example, at the bottom center,

which [1lustrates the result of the mach number rising above 3 while B re-
mains low. The ramp remains monotonic but the waves created in oblique shocks
by dispersion in the plasma appear downstream. The magnetic noise occurs

only in and around the ramp, as In the laminar case, but intense plasma wave
noise up to tens of millivolts per meter appear, as In the turbulent struc-

ture. Particle data were unavallable in this case.

The foregoing examples illustrate the dependence of shock structure inter-
pretation on the diaghostic employed and the interleaving of similarities and

differences among the various subclasses. Magnetic noise, always present up to

the local ion plasma frequency, is confined to the immediate neighborhood of the
shock ramp in laminar and quasi-laminar cases, but persists in the sheath in

quasi-turbulent and turbulent cases. Plasma wave noise, also always present in
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the ramp, remains below a few millivolts per meter in laminar and quasi-turbulent
shocks, but rises an order of magnitude higher In guasi-laminar and turbuleﬁt

shocks.

The physical meaning of these distinetions is clarlfied to some degree by
consulting another diagnostic. Post-shock ion spectra in the magnetcsheath
were not available from OGO 5, but a statistical study of HEDS data by
Formisano et al (1973) revealed that downstream proton spectra were Maxwelilian
when M = 3. while they had a high energy tail when M 2 3. in detailed studies
of particle behavior inside the shock transition, Montgomery Eﬁ.il.(197°) and

Formisano and Hedgecock (1973a) have shown that double-peaked distributlions

appear within the turbulent shock structure, the second peak occurring above
the solar wind bulk velocity at about 2-4 Usw. The change in proton distribution
through the early part of the shock reported by Montgomery EE_gl_(lS?O) is shown

in Figure 4a. The double distributions of Formisano and Hedgecock {1973a) are

shown In Flgure 4b in relation to the simultaneously-measured magnetlc field

shock profile. The field Indicated a chock encounter in which the shock retreated
from the satellite {HEOS) before 1t was fully crossed., The solar wind spectrum at
the left was obtairned a few minutes before the shock was engaged; the two bimodal

spectra are positioned approximately at the times they were racorded.
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The bimodal distribution immediately suggests the presence of bulk velocity
protons reflected by the shock and energized by the interplanetary electric fleld

through the process described by Sonnerup (1969). Counterstreaming protons are

central to the fdea that viscosity takes over to limit shock steepening above
Hc where resistivity becomes inadequate. The bimodal distribution, together
with the electron heating known to develop early in the ramp (Montgomerx et

al., 1970; Neugebauer et al., 1971), which in turn elevates Te/Tp’ provides

a medium favorable to plasma instability, possibly leading to a subshock,

finally resulting .in high postshock proton temperature, characterized by a

non-Maxwellian energy distribution with a high energy tail.

These findings round out the distinctions among the subclasses and their
llkely physical bases. Quasi-laminar and turbulent shocks are supercritical,
in some sense, are characterized by high levels of electrostatic and electro-

magnetic activity, probably associated with a viscous subshock. Downstream



Page 13

the bimodal distribution of the shock is smoothed to form a visibly-skewed

ion spectrum. Laminar and quasi-turbulent shocks are subcritical, lack the
conditions presumed to be associated with a subshock, especially high electro-
static noise, are limited by anomalous resistivity and dispersion only, and
produce cool ion spectra downstream, with relatively little detectable
deviation from Maxwellian distributions. The persistent magnetic noise of

the quasi-turbulent shock is a feature consistently associated with its high

thermal noise level and high-B plasma upstream.

Observe that in no quasi-perpendicular case are any regular, undamped,
long period upstream waves present, but that very small fluctuations at
about ! Hz are visible ahead of the shock In three examples, those of I, 7,

and 14 February.

Quasi-Parallel Structures. The quasi-parallel structures collected so

far have included no quasi-turbulent case. Figure 5 is therefore deficient

in this subclass. Also, chance has produced only one transient lamlinar case.
Nevertheless the lamlnar example at the left of the figure illustrates clearly,
by comparison with Figure 4, the upstream activity produced by even borderline
quasi-parallel enB % hé“. The monotonicity of the magnetic ramp has been des-
troyed, as in the irreqular turbulent, quasi-perpendicular cases, but with an
important difference: the precursor waves forward of the final average field
elevation of 0640:30 are of appreciable amplitude and show the strong near-
periodicity, in this case T = 20 sec, often observed far upstream on field
lines connected to the shock (Fairfield, 1969). The regularity of the field
in the sheath before 0640 UT appears to have been associated with a quasi-

perpendicular upstream field orientation which became quasi-parallel at 1640.

The quasi-laminar example at bottom center of Figure 5is formally on

the borderline between quasi-laminar and turbulent as far as B is concerned,
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but since B-determined changes are continuous anyway, it has been placed by
virtue of its diagnostic combination in the quasi-laminar category. The
alternatlon between large amplitude ''‘pulsations’ and upstream waves typical
of quasi-parallel structures (Greenstadt t et al., 1970) is evident in the
figure. Observe that this example was recorded at the low resolution 1.15
sec/sample rate. The section shown is 28 minutes long in contrast to the
minute-and-a-half view of the "'irregular' turbulent shock of Figure 4. More-
over, this example is of a relatively subdued section taken near the solar
wind end of a structure that was observed for over an hour by two satellites,

one more than an earth radius behind the other. It is quite 1ikely that this

is actually an example of a parallel shock within the accuracy of estimation
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A shock that Is definitely gquasi-paraliel and deffn!tely turbulent Is
shown in the last example at the right in considerably greater detail. Here,
at .144 sec/sample, we see the total absence of any regularity In what appears
to be the shock at 0248:40. We also see both short and long period waves up-
stream, the latter having peak-to-peak ampl!tudes equal to the average field
ievel. Bursts of damped waves appear at the leading edges of the longer-period

upstream waves.

The other diagnostics displayed for the quasi-parallel shocks are in-
formative. The figure shows the same format of electrostatic, electromagnetic,
and proton scatter data used earlier. The Irregularity of the magnetic profiles
s clearly shared by the other measurements, but one phenomenon is particularly
striking: intense electrostatic noise is absent just where it is notable in
quasl-perpendicular shocks, namely in quasi-laminar and turbulent cases.
Magnetic noise, as detected by the search coil, occurs at high amplitude only In
the turbulent case. The expanded diagnostic picture of the quasl-parallel,
turbulent shock emphatically confirms the observation that high electrostatic
noise levels are absent in quasi-parallel structures. To complete the plcture,
we recall that the statistical analysis by Formisano et al. (1973a) gave only
Maxwellian distributions in the sheath when upstream waves were detected,

under presumably quasi-parallel geometry, regardless of M or B.

14 February 1969. Further examination of the essentially parallel shock

of 14 February provides some evidence of conditions in a well-developed pulsation
region. Figure & shows an overal! view of the shock as seen concurrently by
both HEOS | and 0G0 5 magnetometers, when the satellltes occupied the relative

position seen in the figure at the top. The extremely active shock structure,
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which colncided with lp = |1 conditions (Greenstadt, 1972a), as shown in the small
inserts above the field profiles, was at least 1 Re thick. The figure Inci-
dentally demonstrates the difficulty of obtaining reliable upstream plasma
parameters for the parallel shock, even with two spacecraft. Plasma data ob-
tained by 0G0 5 before and after the large field excursions yielded B and M

associated with either the quasi-laminar or the turbulent subclass.

30

B {v) L

P

UT 14 FEB. 1969
Figure 6
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A detail of the magnetic field behavior at 0G0 obtained in the center of
the pulsatlon structure at 1.15 sec/sample !s shown In Figure 7. Above the
sample are shown three contrasting lon spectra taken from HEOS 1 data. The
solar wind spectrum was averaged from several distributions upstream from the
shock. The magnetosheath spectrum is an average composite of several such dis-
tributions collected downstream from the shock before the quasi-parallel struc-
ture was encountered. The pulsation spectrum Is the average of all distri-
butions recorded while HEOS was In the pulsation structure. This spectrum clearly
shows the plasma energy peak at the bulk energy of the solar wind but with a
lower maximum and a broadened, hotter distribution. It appears, then, that the
ions were severely scattered but the flow was not visibly retarded by the
large amplitude magnetic waves of the parallel structure. This structure there-
fore offers some ambiguity as to whether It existed '"‘upstream'' or ''downstream'
of the ''shock'': it was thermally downstream, but dynamically upstream as far

as slowing the bulk flow was concerned.
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The foregoing result suggests the qualitative inference that to the
extent that quasi-parallel structure may be regarded as upstream from some
eventual average field and velocity jump, the plasma parameters delivered to
the jump could be significantly different from those naively computed far up-
stream in the unaffected solar wind, and could put the shock in a different

subclass, or in even more than one subclass simultaneously.

Venus Bow Shock. The character of Mariner 5's encounter with the Venus

interaction region was Interpreted earlier as consistent with the quasi-
perpendicular/quasi-parallel division discussed here (Greenstadt, 1970). The
fresh results from Mariner 10's recent flyby of Venus reconfirm this interpre-
tation and the applicability of earth-derived shock analyses to netghboring
planets. The characteristics associated with a thick, well-developed quasi-
parallel shock, probably turbulent, are evident on early examination of the

data (Ness et al., 1974), and the experimenters point out that such an inter~

pretation is compatible with the average stream angle field direction in the
ecilptic in the morning quadrant, discernible before a time gap in their
Flgure 4, and with the position of the Mariner crossing near the dawn meridian.
It Is also consistent with the quietude of the field after the time gap, when
the field had apparently changed to the afternoon quadrant, preventing the
familiar precursor region from reaching the spacecraft. [t will be Important,
in further analysis, however, to bear in mind that the recorded structure
could signify an ultra-high-f electrostatic shock, if the plasma temperature

proves to have been very high.

DISCUSSION

Communication with the Solar Wind., The foregoing remark about an antici-

pated precursor region at Venus serves as a reminder that a planetary bow shock,

in particutar the earth's, is not an isolated, self-contained phenomenon
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affecting only a tight region around the magnetosphere through which an Insig-
nificant tube of solar wind flux passes. From a space researcher's viewpolnt,
the bow shock must be regarded as the principal entity Inside a large volume
of solar wind with which 1t communicates. Downstream, the shock sends a
heated, decelerated, and deflected solar wind It has prepared to flow around
the magnetosphere. The field in this magnetosheath flow carries significant
information from the shock. Its direction with respect to the magnetospheric
fleld at the magnetopause may differ from what Tt had been upstream and may
thitlate or cancel a substorm by virtue of its refracted orientation. Large
amplitude oscillations associated with quasi-parallel structure may reach the
magnetopause and stimulate the magnetosphere, setting up resonant oscillations
detectable at the surface as micropulsations. A model for such an excitation
has been proposed by Greenstadt {1972b) and appears to be consistent with ob-

servation (Bolshakova and Troitskaya, 1968; Nourry and Watanabe, 1973). Up-

stream, the shock radiates waves and reflects protons and electrons of con-
siderable enrgy {Asbridge et al., 1968; Feldman et al., 1973; Lin et al.,
1974), which in turn stimulate upstream waves that forewarn the solar wind

of the obstacle in its path. The low-frequency upstream wave region mapped
out statistically by Fairfield (1969) is well known, and a plasma wave region
has also been described {Fredricks et al., 1972). The intimate, apparently
I-for-] association of long periad upstream waves with what we here designate
as quasi-parallel structure, has been documented by Greenstadt et al. (1970),

and related by statistical inference to Maxwellian ion distributions down-

stream by Formisanc et al. {1973).

The Bow Shock System. Figure 8 sypopsizes the key elements of what

should be regarded as the bow shock system. The shock itself is dlvided
broadly into quasi-parallel and quasi-perpendicular regions, shown here in an

ecliptic view for a nominal 45° stream angle. The precursor region is di-
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vided into two parts. An advance region of electron precursors consists of
reflected electrons, plasma waves at the local electron plasma or upper
hybrid frequency (generally In the 15-30 kHz range, Fredricks et al., 1972},
accompanying magnetlc waves In the same range, and very possibly small
amplitude waves around 1 Hz, at least close to the shock. A less extensive

reglon of proton precursors consists of reflected protons of energies up to

as much as 100 keV, low frequency waves of tens of seconds period In a space-
craft frame, and the features of the electron precursor region as well. The
formula at the top gives the means of estimating the forward boundaries of
the two precursor regions, shown as dashed lines in the figure. In the
equation, p represents the speed, as a multiple of sz, with which the ap-
propriate reflected particle moves upstream along the field while the fleld
is carried downwind. The angles indicated here, 83° and 43°, were obtained
by setting Py = 1.6, a value found by the author to work well for predict-
Ing long perlod upstream waves and quasi-parallel structures, and p_ =10,

a value roughly compatible, for a 400-Km/sec solar wind, with the 4000 Km/sec
{~ 10 sz) electron velocity cited in a report on reflected electrons by
Feldman et al. {1973). Actually, both electrons and protons are reflected
with a spectrum of velocities. Electrons, in particular, are hot and not

well represented by a single velocity.

The insert at the bottom synopsizes gualitatively the empirical behavior
of electric and magnetic noise in the quasi-perpendicular shock as functions
of M and B. When both parameters are tow, both noise levels are low and the
shock Is clearly laminar (L}; when M rises above about 2 but R remains very
low, the electric noise increases dramatically; the shock is quasi-laminar

(QL). In the opposite case, when M remains low but B approaches 1, the mag-
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netic nolse increases in a more or less continuous fashion; the shock becomes
quasi-turbulent (QT). When M and B are both high, the shock is turbulent (T);
It Is electrostatically and magnetically noisy and the sheath is magneti-

cally nolsy.

When similar parameter divisions are applied to the quasi-parallel
structure, the shock is found to be low in electrostatic noise regardless
of B or M, although the magnetic nolse seems to rise with 8 as In quasi-
perpendicular shocks.

CONCLUSION

The new data from which examples of bow shock structure were drawn for
thls report will be descrlbed in detail and discussed in greater depth in a
series of papers.now being prepared by the researchers named earlier. The
overall result will be to bring the study of collisionless plasma shocks
by means of spacecraft techniques up to and, in some respects, ahead of the
prevalling level of laboratory and theoretical investigation. This paper
is concluded therefere by outlining a few of the remaining goals to be pur-
sued In seeking Improved understanding of processes in the bow shock. These

are:

1. Precise separation of structures differentiated by refined defi-
nitions of critical mach number.

2. ldentification of the mechanisms responsible for the bimodal
proton distribution, the viscous subshock, and thermalization
of the ions.

3. Exact identification of the processes responsible for generation
of the proton precursor waves.

4. Determination of the means by which reflected particles are enar-
gized and released upstream and the proportions in which they are
divided into reflected and transmitted subspectra.

5. Differentiation of the roles of particle reflection, wave ampli-
fication, and wave breaking In the development of quasi-parallel
structures.
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Anyone interested in plasma processes can enlarge this list. The important
polnt, however, is that none of the objectives listed seems impossible to

achieve even with existlng spacecraft data, and all should be reached when the

HMD satellites go into operation.
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ABSTRACT

The earth's bow shock was observed several times at high resolution on
12 February 69 by an array of QGO 5 field and plasma instruments under unusual
circumstances; The field was at large angle to the local shock normal, the
solar wind parameters M and B were both low enough to ensure laminar shock
structures, upstream parameters were verified by complementary measurements
by HEOS 1, and approximate shack velocities were available by virtue of
elapsed time observations obtained with the two satellites. |t was found
that the low M(S 2.5) and R(<< 1) and high enB(z 65°) produced oblique, lamlnar
shock profiles as expected from theory, with marginal or vanishing upstream
standing whistlers probably damped by drift or other plasma wave instability.
The whistler mode appeared to dominate the electromagnetic spectrum. The
laminar shock ramp thickness was several hundred kilometers and equal to
2-4 c/wp}. Composition of the shock as an accumulation of near-standing waves
and an evidently reproducible varying flux pattern was discernible. Electron
thermalization occurred early in, or just before, the magnetic ramp, while
proton thermalization occurred late in the ramp. Instantaneous shock veloci-
ties derived from the standing whistler wavelength were consistent with average
velocities derived from the elapsed-time estimates and were as high as 200 Km/

Sec.



Page |

INTRODUCTION

One of the major applications of the study of partlicles and fields in
space is to the physics of collisionless plasmas in general, and to collislonless
shocks in particular. Shock phenomena are difficult to scale in the labora-
tory and notoriously complex to represent in theory. A ﬁrincfpal reason for
their theoretical complexity is the number of independent parameters that can
affect shock structure and shock dissipation processes. The contribution of
satellite measurements to the experimental study of collisionless shocks lies
in the opportunity to obtain repeated, high resolution observations of the
earth's bow shock, which is constantly available for examination, for a wide

range of Tnstantaneous parameter sets.

Maturally, the most advantageous use of satellite data is In illuminating
shock structures under complicated conditions least accessible to laboratory
and theoretical attacks. However, spacecraft shock observations are not with-
out their limitations too, the most blatant of which is the need for simul-
taneous measurements by at least two vehicles, one of which must define the
parameter set under Investigation through measurement upstream in the con-
tinuously-~changing solar wind. A second, not much less serious, timitation
is the need for reliable estimates of bow shock velocitles, for the shock is
seldom stationary in the spacecraft frame., and without its velocity, its
dimensions may not be correctly inferred, especially when complex structure
prevalls. A third limitation lles in the difficulty of finding comprehensive

plasma instrumentation on a single spacecraft.

In view of these restrictions, it Is not inappropriate to seek first a

comprehensive characterization of the bow shock in its simplest phases, which
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are already fairly well understood theoretically, for cases where all or most
of these limitations can be overcome. We regard this as a necessary step to
more advanced analysis of the bow shock under conditions where fresh ground
will have to be broken. In thls report we therefore describe several obser-
vations of the bow shock in a single day, 12 February 1969, when the important
parameters M and B were very low for many hours and enB was oblique, but made
a ltarge angle with the local shock normal. The parameter combination M < 3,

B << 1 corresponds to the so-called "laminar'' shock in which ''fields and
particle distributions change coherently through the shock,' as discussed by

Tidman and Krall {1971}, i.e., large scale turbulence is absent and small

scale microturbulence, if it exIsts, ''does not destroy the ordered appearance

of the transition layer."

Geometrically, we describe the situation of our shocks as ''quasi-
perpendicular,’ meaning numerically that 50° < B < 88°, where enB is the
angle between solar wind field B and the local shock normal. The term quasi-
perpendicular is used to designate that range of oblique enB in which the shock

retains its essentially monotonic character and is readily identifiable in the

data (Greenstadt et al., 1970; Fairfield, 1974; Greenstadt, 1974).

— it

We de?};e M as the magnetosonic mach number M = MMS = sz cos an/

(c,? + Csz) , and B = BWNk(Tp+Te)/Bz, where V., and B are the solar wind

A SW
speed and maghetic induction, an is. the assumed angle between sz and local
shock normal n (X Is the solar ecliptic X-axis), Ca and Cg are the Alfvenic
and sonic velocities, N is the plasma density, and Tp and Te are the

proton and electron temperatures of the solar wind. We assume, since electron

temperatures were not measured, that T_ = 1.5 x 10°°K. For the cases to be

described here, B varied between .035 and .23, but remained below .1 in all
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but one instance. Under these circumstances, MMS is essentially identical to

the Alfven mach number MA’ since Cs << CA' In our cases, MA < 2.4,

This communication, then, gives the first detalled picture of the bow
shock in what should be its simplest, laminar form. The shock crossings we
display were the first for which velocities were estimated directly by elapsed
time observations of shock motion between two satellites (Greenstadt et al.,
1972), and therefore the first for which direct estimates of shock thickness
could be made. We have assembled a comprehensive, although still imperfect,
set of plasma diagnostics in order to discern the various stages of plasma
alteration through the shock and the wave noise that accompanied them. In the
following sections, we describe the data, calling attention to numerous details,
some of which may assume additional Importance in future analyses of laminar or
other shocks, and we discuss some of the most significant characteristics of
the wave structure in and around the shock transition layer. We include an
analysis of the whistler precursor that 1ead§ to an independent confirmation
of the elapsed-time velocities, and introduce thereby a new technique for

computing instantaneous shock velocity when upstream standing waves are detected.
MEASUREMENTS

The data shown here were obtained by the TRW plasma wave detector of 0GO 5,
the triaxial fluxgate magnetometers of 0G0 § (UCLA) and HEOS 1 (Imperial College),
and the JPL plasma analyzer, Lockheed light ion spectrometer, University of
London Langmulr probe, and UCLA/JPL search coils of 0G0 5. The 0GO 5 instru-
ments provided the high resclution records of the shock at sampling intervals
of 1.15 and .14} sec/sample, corresponding to 1 and 8 kilobit/sec telemetry

rates.
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The field and particle instrumentation of 0G0 5 and HE0S 1 that provided
data for this report are described by Bonetti et al. (1969), Hedgecock (1970),

Crook et al. (1969), Snare and Benjamin (1966), Harris and Sharp {1969), and

Neugebauer {1970)}). In using data from the University of London Langmuir Probe,

we rely here only on relative changes in the raw signature of its energy sweep.

Magnetic field measurements are dlrect Veétor recordings of ambient induc-
tion, with the HEOS-1 data used to adjust the absolute bias levels of the 0GO-5
.readings, the latter having been subject to Intermittent spacecraft interfer-
ence. Plasma wave measurements were generally represented by the field strength
in a broadband channel covering the range 1 to 22 kHz, with most of the shock
nolse probably contributed by signals between & few hundred Hz and 2 kHz. The
broadband channel was sampled for 1.15 sec every 9.216 sec, and the wave am-
plitude level is given In terms of the wideband electric field strength for a
broad noise spectrum. Electromagnetic wave noise is represented by the equiva-
lent level of white noise over the bandwidth of each channel of the UCLA/JPL

search coils. The JPL plasma analyzer provided plasma flux readings and upstream
velocity and density parameters In the solar wind., These quantities were lost

once 0G0 entered the shock because the analyzer locked only in a fixed direction

toward the sun. Proton thermalization and diversion of solar wind protons in

directions away from that of normal flow were detected by the Lockheed spec-

trometer, after the shock was entered, since this instrument looked only in

a directlon across the solar wind stream. Electron behavior was monitored by
noting the slope of the electron distribution registered by the London probe,
in which a high energy component appeared when electrons were thermalized
{scattered) by the shock process. These last two measurements are represented

here by relatlve changes in uncalibrated telemetry units,
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Measurement Imprecision contributed partially to the uncertainties of
numbers quoted in this communication. Raw measurements of individual magnetic
field components were accurate to 0.5y (5 x 10-6 gauss) or better, and field
angles based on them to 5° or less. VLF electric field strengths were mea-
sured to within a factor of two because the wideband output of only one of
the triaxial electric antennas was monitored. -Another source of uncertainty
of numbers quoted here lay in the separations of the various satellites from

each other in space and (n the uncontrolled constitution of the solar wind.

It has been assumed that the solar wind was not perfectly uniform over the

distances between 0G0 5 and the other spacecraft and that what near-uniformity

there was, was not instantanecus. The ranges of some parameter values given in

the next section reflect uncertainties arising from the unknown degree of non-
uniformity in the solar wind and from delays of up to 15 or 20 minutes between
DGO 5 and the other spacecraft. The chief uncertainties were contributed by
solar wind density and magnetic field variability. Ranges of magnetic field
direction mean that the field was varying in orientation on a scale comparable
to the expected intersatellite delay. |t must be remembered throughout this
report that neither the aberration nor the instantaneous angles of solar wind
flow were taken into account in any computation, so that all quantities de-
pendent on direction of the shock normal or the flow contain uncertainties of
up to several degrees. !t was decided that comparable, unrecoverable uncertain-
ties in the shock-normal model and inherent in temporal field variation would
have vitiated the "accuracy' implied by incorporating average flow direction

in estimates of instantaneous quantities.

In addition to the data illustrated in this report, plasma and magnetic

field parameters for the unshocked solar wind were obtained from plasma analy-
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zers on HEOS 1 {Untv. of Rome) and Explorer 33 (MIT) and from the magnetometer

of Explorer 35 (NASA/ARC) .

OBSERVATIONS

General. The center panel of Figure 1 displays the magnitude of ambient
§ recorded for 20 hours by HEQS 1 and 0G0 5. Low values are for the solar
wind, high values for the magnetosheath. HEOS was the more distant of the
two, so as the shock moved outward and Inward past the two spacecraft, HEOS
was always in the solar wind outside the magnetosheath when the shock crossed
060. The crossings numbered 1 through 4 are those for which average shock

velocities were obtained in an earlier study (Greenstadt et al., 1972).

In the central panel, the HEQOS field data are represented by 48-second
samples, the OGO data by l-minute averages. |In the five separate panels sur-
rounding the central one, the 0GO data are represented by 1.15-sec samples.

In the top four inserts, the step-like, almost nolse-free appearance of the
shock in the averages and at the 48-sec sample interval is seen to have been
preserved at resolution 48 times higher than that of the HEOS graph at center.
There are small differences between the first shock signature and the other
three, namely in the presence or absence of upstream waves. These differences
will be discussed later. The bottom panel in Figure 1 shows the pair of cros=
sings 7 and 8, which were no longer strictly Yaminar, but turbulent and, in
the case of crossing 8, perhaps multigradient as well. The shock front of
crossing 7 was as sharp as those of the earlier crossings, but there was a

small foot ahead of it and appreciable noise behind it. The change may have
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been caused by a rise in B8 or in the mach number closer to the critical value,
which is assumed to have been between 2.5 and 3.0. A sudden rotation of the
interplanetary field toward the shock normal at 1750 was responsible for the
additional complexity of crossing 8. These last two shock observations of

the day serve to show the extreme simplicity of the earlier laminar shock pro-

fites chosen for this study.

Dimensions. The upper half of Table ! lists the salient quantities per-
taining to the dimensions and local geometry of shock crossings 1 through 4.
Measured dimensions are at the left, derjved theoretical quantities at the
right of the vertical division. Ramp thickness AS is the product VéSAt, where
At is the observed rise time of the ramp and VES is the average velocity of
normal shock motion between 0G0 and HEOS positions in the spacecraft frame:
positive indicates outward, negative inward, shock motion. USH is the velocity

of the shock relative to the solar wind velocity component along the shock normal.

Angle enB is the angle between solar wind field vector BSw and the local normal
to the assumed rotationally~symmetric hyperbolic bow shock surface at 0GO 5.
The right-hand columns give MA’ proton inertial length c/wpi, and the ratio

of AS to this last quantity. The Tnertial length was computed from HEQS ]

and Explorer 33 plasma data and HEDS ) magnetometer data; the ranges of c/wpi

express uncertainties in n..

The ramp thickness could also be related to the cyclotron radius of the
bulk flow component across the field in the shock. However, the cyclotron
radius was of the same order as c/mpi in the cases described here, so no
useful distinction could be made by displaying it separately, and we have

chosen to compare AS with c/mpi only,
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In the enB column, the table shows that at crossing 1, Bgyy was 25° away
from the perpendicular orientation, while at crossing 4, it was very close to
perpendicular. In all but the third case, the ramp thickness was a small
multiple of C/wpi’ as listed. The third case is included for completeness,

but we do not regard lts )isted velocity gs s reliable for reasons dlscussed

below; hence, quantities derived from Vss are not useful,

Details at High Resolution. Further details of the laminar shock were

resolved In observations at a stjll higher sampling rate. Figure 2 displays
the pair of crossings numbered 5 and 6, which were observed when 0G0 5 was
operating at its 8-kilobit telemetry rate. The magnitude and the three compon-
ents of the magnetic field in spacecraft coordinates are shown. Magnetic field
samples were .l4h-sec apart, which was adeguate to provide some 67 measurement
points in the ramp alone in case 6. The two shock profiles are very similar,
there being only two significant distinctions between them, namely, that at

the second shock a set of tiny waves is visible in the foot and some wavelike
steps are more pronounced in the ramp. {In the following discussion the term
"waves" is used to describe ultra low frequency electromagnetic noise measured
by the magnetometer; the terms ""plasma waves'! or ”e]éctric field waves' are
used to describe electromagnetic or electrostatic oscillations measured in
various channels by the plasma wave electric field antenna.) The magnijtude

and all components are equally "laminar." Each of the two shock signatures
exhibits a 'plume" consisting of five distinct waves, or pulses, at the top

of fts main field jump, seen in B, and its principal component, By’ and each

has a ''dome' of average field higher than was found a few tens of seconds



Page 8

further downstream The domes seem to have been about one-and-a-half toc two
times the duration of the plumes. The waves of the plumes were evidently sta-
tionary in the respective shock frames, so they were propagating upstream in

the solar wind plasma at 300 to 400 Km/sec.

The time-dimensians of the high~resolution shocks of Figure 2 are char-
acterized In the figure by three quantities: first, the duration of the ramp,
defined as the time between the first point at which the field rises above the
level of small preshock maxima and the last point at which the field is below
the level of small postshock minima; second, the duration of the plume; third

the sum of ramp and plume. In Table 1, At denotes the duration of the ramp,

This quantity was chosen as the only common quantity reasonably identifiable
in shocks | through 4, where plumes would not have been resolvable, as well
as in 5 and 6. Thus the At entered for shocks | through 4 in Table 1 is not
the time from base to peak, but is the Interval from the beginning of the
steep field gradient to the level of the post-gradient minima, going in the

direction from solar wind to magnetosheath.

The period of the average pulse in the plume at 1325 was 1.26 sec; the
period of the average pulse in the plume at 1355 was 1.03 sec. The sums of
ramp and plume duration were 10.3 seconds in both cases. The ''steps' in the
1355 ramp were 1 to 1.5 seconds long, and the smal] oscillations in the foot
averaged .4 sec. If we take the period of the average step In the ramp and
pulse in the plume to be 1.2 sec, the ratios of durations of: foot wave to
ptume (or ramp) wave to ramp to total structure {ramp and plume) are 1/3/13/25
for the 1355 UT shock. Thus, the total structure from the base of the gradient
to the end of distinguishable individual waves (the sheath end of the plume)

appeared to be composed of some eight or nine waves or steps of a little over
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l~second perfod each, half of them in the ramp and half In the plume; this was
preceded by a precursor comprised of a few cycles of a damped standing wave
(to be discussed later) and an eight-sec train of very small amplitude oscil-
lations of about .4 sec average period. The small oscillations in the foot
are close to the digitization level of the instrument, and form a somewhat
irregular pattern in which groups of waves less than 0.14-sec period were

Just resolved in the raw data.

As the center panel of Figure | shows, there was a gap in HEOS data

when the shock crossings of hour 13 (Figure 2) were observed by 0G0. Conse-
quently no average shock velocities could be determined for these events, so
translation of periods and durations into thicknesses and wavelengths could
not be made directly. However, we note that the ramp duration of case & [s
comparable to that of cases 5 and 6 and we reason as follows: the correct con-
version of times to distances actually requires not an average shock velocity
but an instantaneous velocity at the moment of crossing. Of the four measured
average velocities, the last one, at 1628, is the closest to a true instant-
aneous velocity because the elapsed time from which it was calculated was the
shortest of the four, leaving the least margin for discrepancy between average
and instantaneous speeds. Also, an instantaneous velocity of some 100 Km/sec
has been determined independently for the shock's crossing of HEOS at ahout

1627 UT as it was on its way toward 0G0 (Formisano et al., 1973).

If the structure of the laminar shock is assumed to have been essentially
the same for crossings 4, 5, 6, and 7, then the ramp thickness for crossings
5 and & should have been about 2~3 c/w ;+ This value is indicated in paren-
p

thesis In the last column in the lower half of Table 1. From this multiple of

c/wpi. inferred values of AS, hypothetlcal VSH‘ VSS’ and MA were calculated for
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cases 5, 6, and 7. These are also indicated by parentheses in Table 1. Based
on the above argument that short elapsed times should reduce discrepancies be-
tween average and Instantaneous shock speeds, cases 1 and 2 have good approxi-
mations to true instantaneous veloclty, although not as good as case h, while
case 3's estimate is poor, which is why it was discounted Tn an earlier remark.
The derived velocities for cases 5, b, and 7 are therefore compatible with

those of the most reliable of the first four cases of the table.

We recognize that BnB was not the same in case 4 as it was in cases 5
and 6, and that our thickness estimate could be affected. Appreciable broad-
ening of the shock ramp may have occurred with decreasing an' if significant
thickening had occurred, 400 Km would be an underestimate for AS in cases 5
and 6. Doubling AS, for example, would in turn raise the inferred VSH in
case 5 to 200 Km/sec, a speed at or above a statistical extreme found by
Formisano et al. (1973) . Substantial thickening was therefore not ruled out,
and will be supported in a later section {Table 2). Very large AS, for 73° =<
enB < 80°, would, however, have been incompatible with the value of AS found

for case 2.

Shock broadening by field obliquity did clearly take effect when Bn
fell in the range 65°-70°. An example is illustrated by case 1. Figure 3
shows a comparison of the field and plasma wave profiles of crossings 1 and 3.
At crossing 3, the shock encounter was sudden and the plasma wave noise con-
sisted of a well defined noise peak at the field gradlent; at crossing 1, a
set of waves had developed ahead of the shock and the region of plasma wave
nolse was broadened to coincide with the waves, probably indicating preshock
electron thermalization or reflection. The electric field noise appeared to

increase with increasing wave amplitude as the main gradient was approached.
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Still Further Details: Plasma Modifications in the Shock. The laminar

structure and high resolution of the 1325-1355 shock crossings combined to
offer an unusually uncluttered picture of the sequence of plasma changes
across the shock gradient. These changes are shown in Figure 4. At the bot-
tom, the field magnitude graph of Figure 3 is repeated for reference, with

the range of estimated c/mpi thicknesses noted. Above the field is the plasma
flux profile from the JPL Faraday Cup. Recall that this analyzer maintalined a
fixed view toward the sun; absence of flux inside the magnetosheath signifies
deflection of flow outside the acceptance angle of the instrument, as at left
and right edges, respectively, in the figure. We shall discuss the sequence
of events in Figure 4 always from solar wind to maghetosheath, regardless

of the actual order of observation. In the left panel, the flux underwent
some small fluctuations as the shock was approached, then began a series of
major oscillations just as the ramp started, and finally reappeared at a very
low level behind the shock (the instrument was turned off at the top of the
ramp and beginning of the plume). In the right panel, the same seguence was
repeated with two exceptions: there appears to have been a gradual decline

in average flux in the foot just outside the ramp, and the flux never entirely
disappeared behind the ramp. The pattern of major oscillations was evidently
a fixed characteristic of the laminar shock structure, as the numbered maxima
and minima In the two panels elucidate. The first minimum in each case ac-
curred before, and highest maximum after, midramp. Examination of plasma
spectra indicates that the bulk solar wind velocity was stili essentially
unaffected at the time of the highest maximum, so this peak represents a
density increase In the sheathside half of the shock ramp. The preramp, or

early ramp, decrease in flux, on the other hand, was the result of a change
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in flow direction. The sequence of observable flux events in the laminar
shock, then, was early deflection of flow, strong variations in density, and
essentially unreduced bulk velocity through most of the field ramp until

the flow was redlrected and the flux so diminished at the head of the ramp
that plasma parameters could no longer be determined. The density variations

included a rise to a density above that of the.unshocked solar wind.

The third and fourth graphs from the bottom of Figure 4 illustrate the
relative thermal behavior of solar wind electrons and protons, in uncalibrated
telemetry units. In both panels magnetosheath electron spectra are clearly
distinguishable from solar wind electron spectra by their rather flat distribu-
tion when the Langmuir probe sweep analyzed the higher electron energies {right-
hand side of each sample curve). The shaded portions of the electron retarda-
tion curves indicate the difference between those spectra and the unaffected
solar wind distribution measured upstream several minutes outside the shock.
The electron measurements of both panels show that slight changes in electron
energy distribution occurred outside the shock ahead of the ramp. The right
panel shows that significant enhancement at high energy took place in the
first half of the ramp; the left panel shows that full thermalization had not
occurred by the end of the ramp and beginning of the plume; the right panel
shows that full thermalization did occur by the end of the plume. Electron ac-
celeration on the upstream side of thc shock has previously been observed by

Montgomery et al. (1970) and by Neugebauer et al. {1971} in their study of five

non-laminar oblique shocks.

The Lockheed tight ion spectrometer peers in 2 dlrection not aligned with
the sun and is therefore a detector of thermalizatlion and flow deflection,

sensing only the protons that move in directions across the original direction
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of flow. For brevity, we shall designate appearances of particles in this in-
strument as "‘heating' or ''thermalization.'" The left panel, then, shows that
by midramp no proton thermalization whatever was apparent; the right panel
shows that some proton heating could have occurred after midramp; both panels
show that the protons were deflected and/or thermalized by midplume. There is
an ambiguity Between the panels in properly associating proton heating with
the flux pattern, but it appears that Initial déflections of the Tons occurred

in conjunction with the high density spike or its forward edge.

Above the proton graph, the fifth and sixth strips depict the electric
field noise recorded by the TRW plasma wave detector {PWD). The PWD, which
cyclted through its freguency channels at a relatively slow pace, was not in
any of the more favorable channels {< 3 kHz; Fredricks et al., 1970) during
either crossing in Figure 4, as the fifth strip shows. Nevertheless, it is
evident that sporadic elevated noise levels, even at 7 and 14 kHz, accompanied
the shock ramp. In particular, a well-defined spike of 7 kHz noise was re-
corded at midramp simultaneocusly with the forward edge of the major density
elevation In the left panel, and a noise jump at 14 kHz was detected at the

analeogous point of the right panel

The subcommutated PWD data in the sixth strip are somewhat more informa-
tive. We see that in both panels the 200 Hz channel recorded increases in
noise level outside the ramp where the electrons were already affected by the
presence of the shock, and that the 200 Hz noise was considerably elevated where
partiai thermalization of the electrons was taking place, both early and late,
In the ramp. Noise in this channel persisted longer behind the shock in the
right than in the left panel. There i5 no obvious association of electrostatic
noise with proton effects, but this could have been easily missed with the PWD's
incomplete frequency-time coverage. Speclal purpose, [.e., wideband, PWD data

were hot recorded on 12 February.
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Electromagnetic Noise. The crossings of cases 5 and 6, as witnessed by

one axis of the 0G0 5 search coils, are shown in Figure 5, with the field mag-
nitude profile repeated at the bottom for reference. Individual channel center-
frequencies are Identified in the vertical center column, between the two
panels. In this figure, the very small-amplitude, damped standing waves barely
discernible in front of the shock have been marked by a dottec curve near the
bottom, just above the plot of B. These will be discussed further in a later

paragraph.

We see that EM wave noise began upstream from the ramp (in one or more
of the five lowest frequency channels) concurrently with the appearance of the
tiny, standing waves ahead of the shock, and continued through the ramp. This
upstream noise had an upper frequency cutoff somewhere between 216 and 467 Hz:
this is the range in which the electron cyclotron frequency, fce = 252 Hz, fell
at that time. We take it that the upstream data represent whistler mode noise
arising in the shock and propagating at angles less than 60° to B, since the
high frequency whistler cutoff is already reduced to 216 Hz and 100 Hz for pro-
pagation at 30° and 60° to B, respectively. Along the shock normal, i.e., at
75°, the cutoff was only 62 Hz. The small standing waves were simply the ap~
propriate component of the whistler spectrum, at about | to 2 Hz, matching the
solar wind velocity along the local normal. The steps In the ramp and the
waves of the plume may then have been whistlers just below the standing wave

frequency, or with decreasing dw/dk as discussed by Tidman and Krall (1971,

p 22).

Another perspective of the search coil data, in physlcal units, helips

to clarify the EM noise behavior. Figure 6(a) shows a three-dimensional repre-



Page 16

sentation of the history of one-axis magnetic wave power spectra through the shock
crossing of 1355. Selected spectra, constructed from the seven-channel data of
Figure 5 are shown on a common time scale with a sampled version of the field mag-
nitude plotted obliquely on an arbitrary baseline. The entire array of spectra

is 38.6 seconds long, with adjacent spectra .69 sec apart. Some spectra were
omitted where they essentially duplicated those adjacent to them. The small
circles designate the 100 Hz channels of the spectra as a guide to the eye in
‘following wave behavior between fce £os BnB and fce' Conversion to physical

units of spectral density was based on assumed white noise across each freqguency

channel bandwidth.

As the figure shows, field noise grew rapidly just as, but definitely before,
the shock ramp was approached, and decayed again rapidly behind the ramp. The
pattern of 100 Hz noise illustrates well the generation of whistlers in the for-
ward edge of the shock ramp, their propagation upstream along B, and their
rapid damping in the solar wind. The 100 Hz noise reached its peak power at
the foot of the ramp, suggesting propagation along the shock or, more probably,
along B, which is only 15° from the tangent. The {b} insert at the lower right
of the figure details the 216 and 467 Hz noise patterns through the ramp. The
216 Hz noise, just below the upstream whistler cutoff at fce = 252 Hz, appears
within what must have been the 30° cone of propagation for that frequency.
Moreover, the whistlers must have been severely damped along B, or they would
have reached the detector earlier, having traveled laterally from a more dis-
tant point on the shock. The 467 Hz noise, which could not have propagated in
any direction in the solar wind, peaked in the ramp bchind the 216 Hz peak,

only after the elevation in B raised the electron cyclotron freguency.
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To summarize, we may imagine two typical '"antenna patterns'' of whistler
mode waves propagating from the shock preferentially along B, one pattern ahead
of the forward edge of the shock ramp, the other behind it. As the shock ap-
proached the satellite, the search coils moved through the various phase velocity
""layers'' of the upstream pattern, each frequency channel being affected as it
entered the corresponding propagation cone, at Tce cos 6. Behind the ramp, the
satellite moved through the second pattern In reverse order, but with elevated
fce affecting channels of higher frequency. The mode was effectively damped
both upstream and downstream in distances on the order of the ramp thickness.
Toward the rear of the ramp, changes in n, B, and T evidently allowed higher

frequencies up to and above 1 kHz to propagate.

The Upstream Waves of Crossing 1. Simple geometrical properties of the

standing waves tan be obtained. As the 0GD 5 panel in the center of Figure !
shows, crossing number 1 into the sheath was immediately proceeded by a cros-
sing out of the sheath. The two crossings were very similar to one another

in profile, with one the reverse of the other. The field components spanning
the two crossings are shown in Figure 7, in rectangular spacecraft coordinates,
in which the X-Y plane approximates the shock plane. The mean interplanetary
field, measured by HEOS and Explorer 35, was very steady, except for a slight
shift in direction, seen just before the 0049 crossing in the X and Y com-
ponents of the OGO 5 data. Angle BBn was ~ 74° at the time of crossing;

before the shift, about half a minute earlier, it was 64°-66° (Table 1).

Outstanding features of these crossings were the damped wavetrains ap-
pearing both times In the solar wind ahead of the shock. There are about six
identifiable cycles associated with each crossing, the first set averaging about

B seconds per cycle, the second about 11.5 sec per cycle. The appearance of
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the waves certainly suggests that they were standing in the shock frame. The
ratios of ramp duration to average wave period are .9 and 1.1 in the two cases,
so the wavetrain precursor seems to have been moving with the shock. No elapsed
time velocity estimate is available for the first set, but the 55 Km/sec

found for the 0049 crossing (Table 1) gives an average wavelength A of 630 Km.

In Figure 7, the wave perturbation lies in the X-Y plane, i.e., in a
plane approximately parallel to the local shock surface. The polarization
diagrams for the two wave sets are shown at the top of Figure B; the senses
of rotation of the two sets are opposite in the spacecraft frame. The sketch
at the bottom of Figure 8 depicts the common standing wave perturbation in
three dimensions relative to the local shock. The wave is polarized in the
sense of a whistler propagating along the outward normal. Since it s standing

in the shock frame, its phase velocity in the solar wind plasma is some 470 Km/

sec.,

DISCUSS|ON

The details of the laminar shock described above can be used to make some
guantitative tests for consistency of the measurements with theory. Ideally,
one would like to have high resolution proton and electron spectra through the
shock transition layer, including the ramp, to define completely the behavior
of the particles. Particle data of such fine resolution were unavailable,
however, so our discussion is confined to some selected items jnvolving wave
behavior. Since whistler mode waves played a large rcle in these laminar

shocks, we concentrated on these.

Standing Waves. The oblique (not necessarily laminar) shock in the

laboratory and in theory is typically depicted as having a damped, standing
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whistler precursor at both subcritical and supercritical mach numbers, with
the last preshock cycle often of amplitude comparable to that of the final shock

gradient (Robson, 1969; Tidman and Krall, 1971). Yet of the seven shock pro-

fi1les shown In this paper, only three, the palr in Figure 7 {including case
number 1) and number 7 of Flgure 1, show any clear wavelike oscillations in
the foot of the shock, and those are of small amplitude. Only one demonstrable
standing wave occurred, in case 1, if we regard the prior crossing of poLs
(Figure 6) as slimply another view of the same shock under the same conditions
at essentially the same time. A barely-discernible example, of very smal)
amplltude, was associated with the crossing palr of Figure 5. Thus, it ap-
pears that stationary whistler precursors are rare for quasi-perpendicular,
jaminar shocks and do not appear or barely appear when BBn 2 70° (case 7 may
not even have been laminar). Examination of other laminar crossings at high
bit rates, not shown here, support thls Inference. We note that a sequence of
noh-laminar shocks with a particularly long whistler precursor studied by

Holzer et al. (1972) revealed no waves which were phase-standing in the solar

wind flow.

The marginal appearance of upstream standing precursors in these laminar
shocks 1s explainable. A stationary whistler precursor must satisfy the follow-
ing conditions to exist: 1) Its phase veloclty must equal the solar wind velocity;
2) its group veloclty must exceed the solar wind velocity; 3) 1t must be stable
at finite amplitude. When we use thé term velocity, we always mean the compon-
ent of velocity along the local shock normatl. whistler phase velocities depend
on B, N, and enB’ and typically exceed the solar wind velocity for a range of

frequencies, as depicted by Smith et al., 1367; and Scarf et al., 1968. Their

examples for average conditions were essentially similar to the solid curves of

Figure 9, in which are plotted the whistler phase velocity dependences for the
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conditions that prevailed for our cases 1 and 4. The palrs of curves take Into
account the possible ranges of phase velocities V¢ allowed by the limit over which

N and Bn might have occurred within measurement uncertalnties. For each case the

B
applicable velocity vs frequency curve lay somewhere between the extremes. The
high frequency cutoff in each case is at f/fce = cos enB rather than f = Fce, as
in parallel propagation {where cos enB = 1). The frequencies at which whistlers
would stand along the shock normal occur where the phase velocity curves cross
the corresponding shock velocity lines VSH' There are two such crossings for

each curve that has ¥V, > but we have noted only the lower frequency cros-

s~ Vshr
sing in each case. The circles near the apex of the curves mark the frequencies
below which the group velocities Vg exceed the phase velocities; these critical
. 1
= — = <
frequencies are located at f/fce 5 €OS BnB' Hence, V¢ VSH Vg only at the

Tower standing frequencies, where applicable. The algebraic relations underly-

ing Figure B are outlined in Appendix 1.

The message of Figure 9 is that in case 1, whistlers can propagate up-
stream for a wide range of frequencies and will be stationary for some value
f between 1.9 x 10_3 fce and 5 x 10_3 fce’ while in case 4, values of N and
enB may have prevailed for which V¢ < VSH for all freguencies, with no standing
wave possible. Since tase | {together with its companion in Figure 7) wad the
only one in which a sign!ficant standing wave was observed, the phase (and

group) veloclty criterion seems to explain the difference between the case |

and 4 profiles.

In all the remaining cases except case 7, the phase velocity curves were
similar to those of case 1. Case 7 was similar to case 4. Standing wave pre-
cursors should therefore have been the rule rather than the exception on the
basis that, at some frequency, V¢ = VSH < Vg in five out of seven observations,
However, favorable velocity considerations do not by themselves guarantee the

existence of waves of measurable amplitude nor do they provide any guidance as
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to what upstream amplitudes should be. Waves of finite amplitude present finite
field gradients to the upstream solar wind flow and can therefore cause finite
currents large enocugh to generate their own signatures in the plasma, i.e.,
currents associated with field gradients tend to generate plasma instabilities

which may in turn damp the waves.

The general criterion for development of instability is that the drift
velocity responsible for the current exceed the plasma thermal velocity W

The threshold value at which VD 2 is proportional to the product of AB/B

-1/2

w1
and elther B—] or B , depending on the scale length Involved. A convenient
tabulation of several instabllity modes related to the bow shock has been as-

sembled, together with suitable references, by Greenstadt and Fredricks (1973),
1/2

who show that on the c/wpE scale, instabilities arise when AB/B 2 AB , where
A is a constant depending on the mode invoked. The key fact is that low B is

conducive to microinstability growth for a given AB/B, and Bi<< .1 on 12 February

1969. The drift instability, for example, requires AB/B 2 BT]/Z on the c/cupi

scale length (A = 1}. For Bi = .07, Bi]lz = .1, so that at the time of case 2,
a wave with AB > .1B = .1{9) = .9 ¥ would have been sufficient to trigger this
mode. Formisanc et al. {1971) have given values of B, = .002 to .004 earty on

the 12th, so the drift mode requirement may have been satisfied even by tiny
waves of ampiitude = .5 y. Certainiy, where small standing waves of 1 to 2 ¥
amplitude did appear, in case 1, they were accompanied by doppler-shifted
plasma wave noise of unknown fregquency recorded in the broadband channel
(Figure 3). In nonlaminar cases of high B examined by the authors, profiles

with at least one large ampljtude wave outside the shock have been noted.
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In sum: In four cases, 2, 3, 4, and 6, where phase and group velocity
considerations would in principal have permitted upstream standing whistler
waves, the dispersive wavelength could have been less than the dissipative
scale Tength and waves could have been damped by easily triggered plasma
instabilities; in three cases, 1, 4, and 7, where the dispersive wavelength
may have exceeded the dissipative scale length, only one, case 1, occurred
when upstream whistler propagation was unambiguously permitted, and in that
one case, only small waves appeared, which were accompanied by plasma wave
noise possibly generated by the waves themselves in a condition of extremely
low Bi' The present observational profiles of low mach number shocks with
no standing precursors and considerable magnetic noise is substantially simi-

lar to the results of the AVCO laboratory experiment {Pugh and Patrick, 1967,

Patrick and Pugh, 1969}, which also obtained thicknesses of (2-4) c/mpi.

Veloclity Estimates from Standing Wavelength. Since in obligque shocks,

the standing whistler wavelength must necessarily be related to the shock ve-
locity as well as to the ambient plasma parameters, 1t Is possible to use the
wavelength, Ld, to estimate the local, instantaneous shock velocity VSS in
the plasma frame. The procedure for doing so is described in Appendix 2. We
have applied equation (4) of Appendix 2 to three cases In which standing waves
were Tn evidence, case 1 (0049 UT}, and cases 5 and 6 {1325, 1355 UT). The
outline of the small waves ahead of the shock in cases 5 and 6 was indjcated
in Figure 5.

The results of estimating USS from Ld are showt in Table 2, along with
some useful data for comparison. The first five columns of the table give the

case number, time, estimated average standing wave period Tw in the space-

ave

craft frame, density N, and velocity Voo Tn the spacecraft frame. Equation (4)

(Appendix 2) was evaluated for the extremes of the density range, N = | and 2.
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The equation is capable, of course, of yielding up to four real solutions, but
only for N = 2 In case 5 did It actually do so. Only real solutions of rea-
sonable magnitude are shown in the table. In case 5, density N = 1 gave no
real solution at all. The sixth column of Table 2 repeats V;S from Table 1.
In case 1, the solution VSS for N = 1 Is very close to Vgs, giving remarkably
good agreement between the Instantaneous and average velocities, estimated by
entirely independent methods. It will be recalled that the crossings of cases
5 and 6 were not observed by both spacecraft, so Vgs (Table 1) had to be ap-
proximated in an Indirect way, assuming ramp thickness as a suitable multiple
of c/mpi (parentheses in the table). Nevertheless, In case 6, the lower end

of the range of estimated Vgs is very close to VSS' In case 5, the instantan-

eous and average velocities are not In agreement numerically, but the higher

Instantaneous speed Is conslstent with the higher estimated range of average speed.

The next two columns give the wave-derived shock ramp thickness ASw =

VssAt, computed from VSS’ the ramp time of Table 1, and the ratio of ASW to

C/wpi' The earlier inference that shock thickness 1s a small multiple of

c/wpi s supported, although it appears that a range of 2-4 or 2-5 would be
better for AS/c/wpi than 2-3. The last two columns of the table display Ld =

VeeT and the ratio AS!Twa , i.e., the ramp length is

5 >
55 wave , showing AS < Tw

ve ave

on the order of the dispersive length or a little longer. !t would follow
that the dissipative length for the electrons ought to be less than, or about
equél to, Twave’ and the wave noise (Figures %, 5) and electron healing pro-

files (Figure 4) are compatible with such an inference.

The bottom entry in Table 2 shows the thickness and dispersion lengths

for case 4, for comparison with the cases just discussed. This case had the
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most reliable average velocity. Ratio AS/c/wpi is reascnably compatible with
the others, but AS/Ld is appreciably larger and perhaps even very much larger
than in the other cases. Here, Ld was computed from expression (1) of
Appendix 2, since no upstream waves were visible. The high values of &S/Ld
are precisely what would be expected for the absence of detectable waves and

the nearly perpendicular Bn the standing wavetrain was swallowed up by the

B:

ramp because the wavelength exceeded the dissipation length.

lon Acoustic Waves. An argument was given In an earlier paragraph that

upstream whistlers were damped by wavemodes easily excited at low . The
drift instability was selected as an example of a suitable mode, but the ion
acoustic mode might alsc have been chosen. We therefore show separately here
that this mode was highly improbable, using the dimensions estimated in this

report.

The condition for generation of ion acoustic noise is that the electron
drift velocity V, ~ AB/2ASu Ne (mks units) exceed the sound speed w =

(k']'e/mi)}/2 in the ramp, where AB is the jump in B over distance 4S. In our

L}

case 1 (0049 UT), we take AB = 17 v (Figure 3), AS = 660 Km (Table 2) at N

114

1, and we assume Te’ which tends to be largely constant in the solar wind,

1.5 x 10%°K. The measured value of T, was about 6 x 10°°K. Then LA
.0B/35 << 1. which falls far short of the threshold for generation of ion
noise. This value, based on an assumed Te in the solar wind, is undoubtedly
too high In the ramp, because the early preferential heating of electrons
(Figure 4) would have raised T, and w. there, thus lowering Vd/wT. Although
our value of Te was only assumed, it Is highly improbabf; that VdfwT > 1,
since this would require Te to have been less than ('%%l x 1.5 x 10° = ;78°K,

according to the expressions above. It therefore seems certain that ion

scoustic noise was not responsible for the plasma waves surrounding the shock
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In cases 1 and 3 (Figure 3), 5 and 6 (Figure 4), and the other laminar cases,
not illustrated, where similar electric osciliations occurred. This improba-
bility does not necessarily mean the drift instability was a contributor to
the noise. More sophisticated apparatus, or perhaps further analysis, will

be needed to distinguish the correct wavemode.
CONCLUSION

The structure of the earth's bow shock for low B, Tow M upwind plasma
conditions in local quasi-perpendicular geometry when 65° < BnB < 88° is
indeed tamlinar in the sense that macroscopic turbulence is absent from the
magnetic field profile and particle thermalizations evidently occur in an
orderly way. The electrons are heated first over a relatively broad region
including both precursor and ramp, and the protons are heated in a relatively
narrow region somewhere between the middle and end of the magnetic ramp. The
shock magnetic profile is 2-4 c/wpi thick and corresponds well to the form
expected from laboratory and theoretical results for oblique shocks at low B,

where upstream standing whistlers are heavily damped.

Whistler waves propagating within their frequency-dependent phase-velocity
cones around B are a signiflcant constituent of the electromagnetic spectrum in
the shock and its precursor up to the local electron cyclotron frequency. Indeed
the precursor itself is simply the whistler whose phase velocity equals the
normal component of solar wind velocity in the shock frame. The shock (mag-
netlﬁ) ramp Ttself appears to be composed of damped whistlers near the standing
wave frequency, and the times at which whistlers were detected at all observed
frequencies coincided in our cases with the reglon in which small waves or
steps were clearly visible in the magnetic record, the region consisting of

precursor, ramp, and plume.
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Electric plasma waves occur in the laminar shock and i1ts precursor. In
one of our cases, noise at 7 kHz was concentrated at midramp, probably where
proton thermalization began and the solar wind flux underwent some fluctuations.
These fluctuations of the plasma flux appeared to form a pattern characteristic
of the shock, probably related to density gradients and current sheets in the

shock transition layer.

The measured period of standing precursor whistiers can be used to ob-
tain a reliable instantaneous bow shock velaocity in the spacecraft frame, if
the upstream plasma parameters, as well as the field, are known. The method
for obtaining the shock velocity should work equally well for any quasi-
perpendicular (oblique} shock, whether it Is laminar or not, as long as the

stationary upstream waves are discernible.
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Table 1. Shock Thicknesses

Time At v%s AS n B Veu %, My c/wpi as/elu,,
(UT)  (Sec) (KM/Sec) (km)  (em ) (v} (Kn/Sec) (Deg) (km)
1) Q049 13 55 720 1-2 13.5 430 64-66 1.5-2.1 160-230 3.1-4.5
74
2) 0215 4.6 -49 226 1-2.5  13.0 326 73-80 1.2-1.8 143-230 1.0-1.6
3) 0222 3.2 11 101 1-2.5 12.5 387 75-79 1.4-2.2 143-230 bi- 7
4) 1628 4 -100 400 1-2 7.5 273 84-88 || 1.7-2.4 160-230 1.7-2.5
5) 1325 &4 -(80-120} (320-480) 1-2 9.0 -(242-282) 75 (1.2-2.0) 160-230 (2-3)
6) 1355 5.15  (62-93) (320-480) 1-2 9.0  (h24-455) 75 (2.2-3.3) 160-230 (2-3)
7) 741 6 (43-115)  (260-690) 1-3 7.5  (443-515) 77-85|1 (2.7-5.5) 130-230 (2-3)
8) 1752 No single ramp defined 47-66
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Table 2. Shock Velocities from Standing Wavelength

2mC 2
4 3 2 2 - 2 2 __A = =
VSS + (ZnVSw cos eVn)VSS + (sz cos an Cp )VSS T cos BBn my 0
2T cos BBn
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d 2_ w .
HA 1 pi
R — c
Case Time Twave(sec) n VSS(Km/sec) VSS(Kmlsec) ASW(Km) ASw/a;? Ly &S/Ld
1 0043 11.5 1 51 55 663 2.9-4.6 587 1.13
2 23 299 1.3-2.1 265 1.13
5 1325 4.0 1
2 .
=21/ ~-{BG-120) 3. 1.0
-30 120 .5-.75 120 1.0
6 1355 3.1 1 62.4 (62-93) 321 1.4-2(2-3}) 193 1.7
2 32.0 165 21-1.0 100 1.7
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4 1628 ~100 400 1.7-2.5  16-110  3.6-25
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Figure 2. Two adjacent magnetic profiles of the laminar
shock at high resolution: .144 sec/sample.
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with a correspondingly broadened region of plasma wave noise
(dashed curve). At B, = 78°, the waves vanish and the electric

noise is narrowed to the shock ramp.
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Figure 5. Multi-channel view of the high-resolution
crosgings as recorded by the X-axis loop of
the B ELF search coils.
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Figure 7. A pair of adjacent shock crossings showing
stationhary upstream wave structure.
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Figure 8.

(b)
Whistler polarization characteristics of the stationary
precursors of Figure 7; (a) individual polar diagrams of
the perturbation vectors in an approximate shock plane;
(b} conceptualization of the common whistler-wave polari-
zation of the two precursors along the approximate shock
normal. The average upstream field is about 25° from the
shock plane, with its sensor Inward.
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APPENDIX 1

WHISTLER PHASE AND GROUP VELOCITIES

The curves in Figure 8 of the text are based on the Appieton-Hartree,
gquasi-longitudinal dispersion relation for cold plasma, justified here by the
Tow B], laminar conditions that prevailed for these observations. We refer
particularly to the QL-R expression of equation (50) of stix (1962, p Lo),
with the factors 1 and wpilnegiected, sg O = mpezlwz and

-y 2 £ 2
pe

2 'kzcz C2 pe
2 2 . -
W u wlw W, cos enB) f(f fcecos BnB)

As the notation indlcates, we are interested in phase velocity YU ups tream

along the local shock normal at angle BnB to the interplanetary field. For

=]$§—Ui+

k
] aw a— = . - [] —%— . -
8 35 but along n = k, ugn = Eg n = Hg k = TR When evaluated alge

. . _ W
braically from the expression given above for u_ =~ , u = -2 u
no ok gn n

any angle 8 to B the group velocity vector gg is given by gg =

[a M 1o W
x|E

2y

pe n
¢?k?f cos O
ce h

Elimination of k= Zﬂf/un) and some algebralc excercise
B

uitimately yield

= - f
ugn 2 u (\ ./fcecos enB) .

hence u__/u_ > 1 when f < l-f cos 8 ., i.e., whistler mode waves can advance
gn’ n 2 ce nB
upstream along n only for frequencies less than half the electron cutoff fre-

quency in the normal direction.
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APPENDIX 1

BOW SHOCK VELOC!ITY DERIVED FROM
STANDING WHISTLER WAVELENGTH

For laminar, obligue shocks, the wavelength kd, or Ld’ of the whistler

wave standing upstream in the unshocked plasma is given by the formula

- c_ (1)

where L !s measured along the shock normal (Morton, 1964). If VSS s the
shock speed in the spacecraft frame, the apparent period of the standing wave

as it moves with the shock along the shock normal is

T,=1

g /

a’Vss -

|f spacecraft motion, seldom more than about 1 Km/sec along the bow shock
hormal, is neglected, then the local velocity VSH of the shock with respect

to the ambient plasma is
Vg, = Vg cos 8, + Vo, (3)

where an is the angle between the local normal and solar velocity sz, and
VSS is defined as positive outward from the earth, i.e., positive when it
increases the velocity of the shock relative to the solar wind. The local

Alfvén mach number is given by

My = Vsu/Car
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where CA is the upstream Alfven velocity. Combination of all the above ex-

pressions yields the 4th degree equation in VSS’

3 2 2 2 2 2HCAC05 8nB c | ¢
+ (sz cOs Svn - CA )VSS - Td wp] = 0 (4)

4
y + (2v5wcos evn)v

55 55

This equation may have more than one real root, necessitating some independent
criterion for selecting the one most probably correct. The measurements neces-

sary to obtain V are QSW (for B and eBn)’ NSW’ and sz, all upstream. In

55
addition, a local normal n must be estimated from a model shock surface to

* 9 .
obtain nB
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INTRODUCT I ON

This is the last quarterly, and annual summary report on the subject con-
tract for the year July 1973 - July 1974, In the ensuing sections, the back-
ground of the study is synopsized, the year's objectives described, and the
results summarized. Details of newly-completed results are attached as ap-
pendices, which make up the bulk of the report. Following the summary of
results, a short commentary and a recommendations section complete the docu-

ment.

BACKGROUND

Purpose. The existing program (NASW-2398) has basically a twofold purpose.
First, to test the validity of a suggested model according to which Pc 3 micro-
pulsations are excited by magnetosheath field (and plasma) fluctuations
arising in the oblique structure of the subsolar bow shock; second to con-
tinue and expand a previous study of the influence of solar wind plasma

parameters, particularly ambient field direction, on local bow structure.

Micropulsations. Certain micropulsations, especially Pc 3 (period range

10-45 sec), have shown strong correlation of their various characteristics
with sqlar wind features. These correlations, together with the results on
field-dependent shock and sheath structure obtained by the present investiga-
tor, led to his suggesting a mechanism whereby the interplanetary field ESW
should strongly influence the excitation of Pc 3 at the magnetopause when it
aligns itself with solar wind velocity !SW’ thus causing large amplitude waves
at the subsolar point of the shcok. The waves should be conveyed to the mag-

netopause by the pattern of solar wind flow in the magnetosheath. Additional
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factors expected to contribute to the postulated mode! are thermal-to-field

energy ratioc B and solar wind mach number M.

Shock Structure. Collisionless plasma shock structure is determined in

all scale lengths by the three plasma parameters, or, more precisely, the three
classes of plasma parameters £, M, and enB’ denoting the thermal-to-field

energy ratio, mach number, and field-to-shock normal angle, respectively (Tidman
and Krall, 1971). We say clsses of parameters because different constituents

of the plasma may have different 8's and different wavemodes may have separate
M's, some dependent in turn on BnB' A full description of shock-structural
processes can be arrived at with multiple satellite measurements only if the

effect of each of the relevant parameters can be isolated.

This study has emphasized the use of simultaneous data from two or more
spacecraft and, recently, from multiple diagnostics, to evaluate the geometri-
cal factor enB’ or, more precisely in some cases, its B-X equivalent, and the

principal plasma parameters.

OBJECTIVES AND APPROACH

In broad terms, the aim of the past year's effort has been, first, to
find data that confirm or confute the investigator's suggestion that Pc 3
micropulsations are excited by shock-generated oscillations, and, second, to
advance the study of shock and magnetosheath structure in general by taking
advantage of the numerous instances in which simu)taneous data from two or
more spacecraft have been recorded near the bow shock. More specific objec-
tives have been tailored to the opportunities that have become available from
time to time to make meaningful headway in a complicated investigation requiring

cooperation by other, sometimes many, researchers.



Page 3

The micropulsation side of the investigation began with two specific ob-
jectives: 1. to continue seeking verification of the postulated model by
visual inspection of Explorer 35, lnuvik, and Tungsten records for a particu-
lar interval in 1969, and 2. to move toward a more mechanical, objective, and
detailed method of evaluating solar-wind surface relationships to establish a
physical link underlying the relationships that might emerge. At the outset
it was believed that visual verification {or contradiction) of the mode! would
eventually provide at least a satisfactory beginning and a guide to further
analysis. By the end of the year, it had been decided that reliance on visual
evaluation of micropulsation recordings, even by experts, was subjective and
unreliable and should probably be abandoned. The new specific objective was
creation of a computer program that would transform large quantities of inter-
planetary field data into the appropriate variables and plot these on optional
time scales for eventual comparison with any accessible micropulsation data in
spectral form, beginning with a set of records being prepared by John Olson at

the University of Alberta.

The shock-structure aspect of the investigation started out to examine
the effect on the bow shock of various plasma parameters and to seek some ex-
planation for the success of Ip in predicting quasi-parallel structure with
p = 1.6 (Greenstadt, 1972). Largely through collaboration with V. Formisano
the examination of parameter-dependent structure has been extremely successful,
and the year ended with a major program underway to catalogue shock morphology
and to produce detailed documentation on each identifiable structural form,
using OGO 5's high resolution, multidiagnostic data as the principal source

of shock observations. The study of fp geometry, meanwhile, produced a first-
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order view of the geometrical context in which protons reflected from, and

energized by, the shock can escape upstream.

RESULTS

Micropulsaticns

Preliminary Visual Surveys. Hourly averages of HEOS 1 interpianetary

field and plasma parameters were obtained for some selected intervals in 1369
from V. Formisano. The appropriate geometrical field guantities, enB’

£o5 BnB, were computed from these where necessary and compared with micropul-
sation spectrograms taken at Inuvik, a presumably ideal auroral zone station,
and six other stations, during a fifteen-day interval of December 69. The
spectrograms were obtained from R. R. Heacock of the Geophysical Institute

at the University of Alaska.

The results were disappointing, for no apparent correlation was found.
The results were also puzzling, however, since a paper was given at the
September 73 Kyoto meeting by Nourry and Watanabe asserting not only that
they have confirmed Troitskaya's published result, which was consistent with
the model of the present investigator, but that their correlation was one-
for-one. Moreover, their micropulsation station was not even at auroral lati-

tudes, where Pc 3 should be most apparent, according to postulate.

Several possible explanations of the above discrepancy came to mind.
The two most important were: (1) contrary to the investigators' expectation,
auroral latitudes are not the best for seeking the postulated correlation, and
(2) the spectrograms, recorded on a scale most suitable for exhibiting shorter

period pulsations (Pi 1}, simply did not display Pc 3 events properly, if at all.
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Reprocessing the Jnuvik records by Heacock reinforced the suspicion that
his sonograms complicated rather than simplified the initial correlation effort
being attempted. Three versions of the same sonograms differing only in their
- processing technique produced three apparently different Pc 3 behaviorisms.
Further development of recording technique would be required before the College

records could be routinely applied to this correlation study.

Meanwhile, a visual evaluation of UCLA's Tungsten induction coil records
for 1-15 December 69 was made (in collaboration with Carlene Arthur and Bob
McPherron), and a statistical summary obtained. Subjectively, there did appear
to be a class of pulsations sometimes in the Pc 3, sometimes in the Pc 4 range,
whose appearance was correlated with solar wind field-flow alignment. The
latter was also evaluated visually from Explorer 35 interplanetary field records.
The statistical summary verified part of this correlation: Pc 4 definftely oc-
curred preferentially when the field-flow angle eVB’ approximated in practice
by eXB’ was close to zero. Seventy percent of the hours when Pc 4 were de-
tected, the field ESW was oriented within 3677 of both the ecliptic plane and
the solar azimuth. Latitude and longitudes of ESW jointly within this limit
correspond to conditions for irregular, quasi-parallel shock structure at the
subsolar point of the bow shock. Half the P¢ 4 hours corresponded to eXB

within 18%4 of the solar azimuth.

Figure | summarizes the results projected onto the ecliptic plane, with
solar and antisolar field directions combined. Each graph represents, for one

pulsation condition, the fraction of measured directions of ES that fell in

W
various sectors during hours in which the condition applied. At upper left,
the angular distribution of all measurements shows the usual stream angle

preference. At upper right, the distribution of measurements for which Pc 3-4
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Figure 1. Angular distributions of the ecliptic projection
of B¢, for various Pc 3,4 conditions.
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were absent, was deflicient in the 0-18%4 and 18%4-36°7 sectors and somewhat
excessive in the 3617-637h and 6374-90° sectors, with respect to the distri-
bution of all measurements., At lower left, the distribution for Pc 3 hours
was slightly excessive In the sectors from 18°4 to 63°4 and deficient else-
where; this result is not obviously significant, but is at best consistent

with a result claimed by Bol'shakova and Troitskaya (1968). At lower right,

measurements in the D-18%4 sector were grossly in excess and in the 63°4-90°

sector grossly deficient in readings during hours when Pc 4 occurred.

Another version of some of the results of visual comparison with
Tungsten is shown in Figure 2. The first three-dimensional construction in
2{a) portrays the distribution in solid angle, divided as already described,
in which Bew fell during Pc 4 events. The radial length of each angular block
represents the fraction of hours of observation of Pc 4 durlng which the solid
angle of the block was occupied by QSW during some part of the hour. The second
tonstruction, 2(b), is the same type of representation for hours during which
neither Pc 3 nor Pc 4 occurred. The strong preference of Pc 4 for hours when
eXB lay close to 0°, and the equally-strong avoidance of eXB < 36°7 when Pc 3-4

were absent are clear in the figure.

The statistical summary and visual examination of the Tungsten data sug-
gested, in line with the Russian results and the recent Canadian observations

of Nourry and Watanabe (1973), that there is a pulsation phenomenon of variable

period strongly associated with certain interplanetary field directions. The
periods of the phenomenon span the accepted division between Pc 3 and Pc 4 at
T = 45 seconds. In the Pc 4 range (45 < T < 150 sec), the phenomenon is rea-
sonably isolated, but in the Pc 3 range, the phenomenon is confounded with,

and often overshadowed by, other types of oscillations, most notably Pi 2.
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Figure 2. Distributions of northward eXB for (a} Pc 4 and
(b) neither Pc 3 nor Pc 4,
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Visual evaluations of this phenomenon become very unreliable in the Pc 3 range.

Preliminary printed versions of the Nourry and Watanabe data were re-
ceived and examined, and the Russian publications were reviewed once again.
It appears tentatively that the Soviet and Canadian results are completely
compatible with the model of Pc generation proposed by this investigator. The
evidence tends to be anecdotal, however, or, at best, Incompletely documented.
Pc 1 spectrograms from Borok, a commonly-cited Russian observatory, have been
published, showing the Russian capability with f-t technique, but it is not
clear whether these, or only visual judgments of Pc 3-4 occurrence were ap-
plied in the Soviet work. Although statistical compatibility Is not proof of
the model itself, it was decided to continue to seek a more solid correlative
foundation in this program before attempting to explore any physical details
of the model. However, it was concluded that suitable methods of mechanizing
and objectivizing the correlation sought here had become unavoidable. The
effort of this study was therefore redoubled to obtain an entirely independent
demonstration with more sophisticated techniques than have hitherto been

applied.'

Computer Program for Spectral Correlation. The best demonstration of

the correlation central to the model of this study should be provided by
examin%tion of a long interval (weeks to months) of data in which interplane-
tary field orientation in suitable graphic representation is compared with con-
current micropulsation spectrograms (f-t plots) on the same time scale. Pro-
duction of suitable magnetic field plots requires a computer programming and
running effort. A magnetic tape for a selected test interval was obtained

from NASA/ARC. The tape contains the '"'sequence averages' from the ARC
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Explorer 35 magnetometer. The test interval was determined in consultation
with John Olson of the University of A]berta-(Edmonton), who 1s in the process
of reducing micropulsation data to suitable format. The comparison of space-
traft with surface data is intended to span the last four months of 1969,

when the Canadian thain of stations operated by Edmunton provided good time
and latitude coverage. Sinte the UCLA station at Tungsten also operated
during this interval, the potential for a comprehensive examination of the

relationship under study is good.

As this is written, an initial version of the computer program for
handiing Explorer 35 magnetic field tapes to produce appropriate plots at TRW
is essentially debugged, while a program for preparation of spectograms from

Canadian micropulsation tapes is in about the same condition. Figure 3 shows
a three-hour test version of part of the plotted output of our routine, com-
pared with a micropulsation record from Tungsten (courtesy UCLA) on the same
time scale. Time-scale matching Is one of the options of the TRW program.
The two curves at the top are cos BXB and BXB’ as marked, with.low SXB’ i.e.,
favorable BXB at the top of the graph. A burst, or sequence of bursts, of
pulsations of about 120-sec period (Pc 4 range) appear in approximate coinci-
dence with rotations of Bgy, from 10-20° to about 50°. Unfortunately, this is

exactly the opposite of the correlation we seek and of the reported results of

Boi 'shakova and Troitskaya (1968) and Nourry and Watanabe (1974). We have no

explanation for this outcome at present, but we note that the local time at
Tungsten is dawn rather than noon, when such pulsations usually appear. Also,
the true rotation of BSW was southward, so the oscillations on the surface
are undoubtedly substorm-associated. The figure demonstrates well that we now

have the capability of producing our own anecdotes. It also illustrates clearly
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the type of result that supplies grounds for our conviction that a suitable long-

term, objectivized approach to the micropulsation study is essential.

A listing of the preliminary TRW program is attached as Appendix A. Our
routine will compute several specialized functions, but the program has been
written in such a way as to facilltate later use of interplanetary field read-
ings from the same Explorer data tapes in computing a variety of quantities
related to bow shock and magnetosheath structure, none of which would have

justified the rather complex program by themselves.
Shock Structure

Geometry. An important task in following up earlier work on the response
of the bow shock to local field geometry (Greenstadt, 1972a,b) has been to
discover the reason that propagation of precursor effects upstream from the
shock apparently occurs consistently along gsw at a speed u” ~ 1.6 sz.

Northrop and Birmingham (1973) accepted the premise that p = 1.6 was indepen-

dent of position on the shock and derived the improbable result that u” would
then be constant, T.e., Independent of sz. It seems more likely that p does
not vary strongly with position, and that limited early experimental work has

simply not picked up the variation, but this has yet to be demonstrated.

There is more than one precursor effect (Appendix B). The effect re-
ferred to above consists of decasecond waves propagating downstream as a
result of excitation by some other precursor agency. It is not known whether
the long period waves are coupled to a dominant category of reflected protons
or simply represent a dominant frequency range most easily excited. It is

known that reflected protons are found at many energies with u” # 1.6 (Asbridge
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et al., 1968; Lin et al., 1974). |In their recent paper, Lin et al. have given
arguments why they believe 100 Kev-reflected protons are accelerated en route
upstream rather than in the shock proper. Their conclusion would tend to sup-

port the notion that protons come out of the shock itself in a narrower range

of energies, possibly concentrated around {1.6 sz)z.

An attempt was made by this investigator to discover whether the geo-
metrical relationship of the shock to reflected protons of finite pitch angle
places restrictions on their energies that would tend to select those with
p = 1.6 for escape upstream. The attempt was unsuccessful for an interesting
reason. There turned out to be at least two free geometric parameters, leaving
p essentially unconstrained. An unexpected result has followed: protons of
large energy (30-100 Kev) and large pitch angle {70°), such as these common 1y
encountered by Lin et al., can escape the shock upstream when the angle made
by §Sw with the local shock normal is about 50°, the value at which upstream
waves typically are generated. It thus appears that the particles detected
by Lin et al. could have come directly from the bow shock as far as the credi-

bility of their escape is concerned, although the process of their creation

is still undetermined.

An explanation of, and report on, the above calculation was prepared
for presentation at the Neil Brice Memorial Symposium 'The Magnetospheres of
Earth and Jupiter,'' and given in Frascat! in May. It is attached as Appendix B.

A more extensive inquiry into the geometry of reflected particles is planned.

Laminar Shocks. A comprehensive study of the quasi-perpendicular

laminar shocks of 12 February 1969 was completed after addition of several new

sections. A draft of a final report on these events is attached as Appendix D.
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Especially Interesting among the newly-added results is the detailed display of
ELF noise juxtaposed on the shock's magnetic profile and the new method of com-
puting instantaneous shock velocity from the standing wave period (Figure & and

Table 2 and Appendix 2 of Appendix D).

Parametric Profiles of the Bow Shock. A collaboration was opened a year

age ameng V. Formisano, . T. Russell, M. Neugebauer, F. L. Scarf, and this
investigator for the purpose of compiling and studying plasma diagnostics
recorded simultaneously by 0G0 5 and HEOS | under differing solar wind conditions
during bow shock crossings by 0G0 5. We have succeeded in fsolating over a

dozen distinct combinations of M, B, and BnB and have made significant progress
in determining the effect of each of these parameters on each of several pilasma
diagnostics measured in the shock. We are also in the process of merging the

shock~structural classification schemes of Greenstadt et al.(1970b) and

Formisano and Hedgecock (1973a) into a single comprehensive framework. A sum-

mary of some of the core results of this project is contained in Appendix C,
a paper given recently at the Third Solar Wind Conference in Asilomar. The
bulk of the program is incomplete, but a compendium of shock profiles is pre-

sently being prepared and should be available before the end of the year.

Quasi-Parallel Shock Structure. A case of prolonged, concurrent obser-

vation of quasi-parallel (''pulsation") shock structure by 0GO 5 and HEOS 1
occurred on 14 February 1969. The situation is similar to the one reported
eariier that led to identification of the pulsation shock phenomenon (Greenstadt
et al., 1970a, but with the addition this time of substantially-improved diag-

nostic coverage. Initial examination of the data has verified the extreme

thickness of the pulsation, or guasi-parallel structure, and revealed an
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apparently distinct plasma particle distribution associated with this class of

shock. A description of this preliminary result is part of Appendix
Reports

The following report was published during the year July 73 - July 74.

Greenstadt, E. W., Oblique Structure of Jupiter's Bow Shock, J. Geophys. Res.,

78, 5813, 1974.

A report was prepared and delivered orally by R. W, Fredricks at the
Summer Advanced Studies Institute, 'Earth's Particles and Fields,' Sheffield,

England, August 13-24, 1973:

Greenstadt, E. W., and R. W, Fredricks, Plasma Instability Modes Related to

the Earth's Bow Shock.

The report is scheduled to be published in the Institute Proceedings.

An informal presentation of shock structure results was given at the
jolng USA/USSR Bi~Lateral Working Group Meeting on Collisionless Shock Waves

held in November at NASA Goddard Space Flight Center.

Three more reports have been completed:

Greenstadt, E. W., Structure of the Terrestrial Bow Shock, presented to the
Third Solar Wind Conference held at Pacific Grove, California, 25-29

March 1974. To be published in the Conference Proceedings.

Greenstadt, E. W., C. T. Russell, F., L. Scarf, V. Formisano, and M. Neugebauer,
Structure of the Quasi-Perpendicular, Laminar Bow Shock, prepared for

J. Geophys. Res.
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Greenstadt, E. W., The Upstream Escape of Energlized Solar Wind Protons from the
Bow Shock, Presented at the Nell Brice Memorial Symposium, 'The Magneto-
spheres of Earth and Jupiter,' Frascati, Italy, May 1974. To be published

in the Proceedings.

COMMENTARY

Correlative Results of Other Investigators

This is an appropriate time and communication in which to note briefly

the research context in which our shock investigation now finds [tself.

The revival of interest in the bow shock, and its upstream effects on
the solar wind, which seemed to be developing a year ago has been realized.
Research on the shock as a plasma, rather than fluid-1ike, phenomenon is
beginning to flourish, partly through fresh attention by European investi-
gators. A selection of specific results bearing directly on this program

are listed below:

Formisano et al. (1973a) distinguished statistically between Maxwellian and non-
Maxwellian proton distributions in the magnetosheath, dependent on mach
number and angle enB'

Formisano et al. (1973b) studied fluid parameters across the shock and bow
shock velocities as functions of M, B, and enB.

Formisano and Hedgecock (1973a) developed a structural classification scheme for

the bow shock, parametized by M, B, and BnB.

Formisano and Hedgecock (1973b) described the bimodal proton distribution found

in the quasi-perpendicular, turbulent shock structure (see Appendix C).

Northrop and Birmingham (1973) examined the implications of a position (GnB)'

independent upstream wave parameter p = 1.6 on the critical angle of

upstream wave appearance.
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Olson and Holzer (1974) made a statistical study of the wave and spectral struc-

ture of the bow shock, finding relatively little local time dependence
of structure at search coil frequencies (F > .1 Hz), but they were with-
out information on M or B. The role of B in the generation of magnetic

noise is now better understood (Appendix C},

1=
=

. Auer (unpublished preprint) has found the apparent plasma bow shock po-
sition of quasi-parallel bow shocks to be earthward of their quasi-
perpendicular counterparts. He has also found that a more marked statis-
tical symmetry between dawn and dusk structures should have prevailed
during the HEDS 2 data interval than during the interval examined by
Greenstadt {1973).

Feldman et al. {1973) atiributed the reversal of heat-flux anisotropy of elec-
trons upstream from the bow shock to their shock origin when the solar
wind field was appropriately oriented.

Lin et al. (1974}, in the first direct observation of reflected protons since

the short paper by Scarf et al. (1970), described the commonplace obser-

vation of protons in the 30-100 Kev energy range.

Finally, the two most exciting new results are the observation of an apparent

quasi-parallel shock structure at Venus by Mariner 10 (Ness et 1., 1974), con-

sistent with a similar interpretation of the Mariner 5 record by this investi-
gator (Greenstadt, 1970}, and the tentative compatibility of the Pioneer 10
measurements with the predicted shock structure at Jupiter (Greenstadt, 1973;

Ed Smith, personal discussion).

A1l the foregoing developments draw on results from this program or its

preliminary phases.
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RECOMMENDAT | ONS

Micropulsations. It is recommended that efforts to objectivize the re-

duction and analysis of micropulsation data be supported and expanded. Tech-
niques of display such as the fregquency-time contour plots coming out of UCLA

(Arthur et al., 1973) should be encouraged for the entire Pc 3-4 spectral

range. Quite beyond the current or planned application that this investi-
gation seeks to make of such displays, the eventual use of micropulsation
indices as diagnostics of solar wind and magnetosheath conditions will cer-
tainly require such techniques, which are expensive and inadequately funded

at present. Development of micropulsation diagnostics ought to be a major
goal of the International Magnetospheric Study {JMS), but such development
will not occur without sustained effort in this direction. It is urgently
recommended that a working panel be created to encourage at the very least a
uniform micropulsation recording method and schedule among a suitably-selected

set of stations as part of the IMS preparations.

Shock Structure. It is recommended that efforts be continued to exploit

the earth's bow shock as a source of collisionless plasma phenomenology. The
earth's interaction region is nicely representative of the interaction regions
of other planets and is subject to such a wide range of incident plasma parame-
ters as to provide almost universal coverage of the variety of collisionless
phenomena for which experimental data are needed. Moreover, there seem to

be plenty of opportunities to acquire new results through analysis of existing

data.
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PROGRAM LISTING
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PRDGRAM E353XP(INPUT»TAPE5 INPUT,TAPEG‘DUTPUTQThPE7=OUTPUTsTAPE§w
1 TAPESQ )

C
C T T TTCTPROGRAM E3SBBXP = J,.5. HURGESS FOR EXPLURER JI5 SEQUENCE AVERAGES,
C E35BXP USES SUBROUTINE E35DRVY TO MERGE THE -AMES™ CDC EXPLORER 35 S
C SEQUENCE AVERAGE TAPE WITH SELECTED TlﬂE IN?ERM&LS AND THEN COMPUTES - -

-
C THRY = THE ANGLE THETA BV BETWEEN INtERPLANETARv FIELD BSW AND
C THE X(SE) AXIS. (IT IS ASSUMED X IS PARALLEF TO VISHW))
i ™ TBVCS = THE COSINE ©F THETA BY (THEVIG o .. =
C TPCBSW -~ THE MICROPULSATION PERIOD = ;6 ;ﬁsw ACCDRDING TO THE
c RUSSIAN EXPERIMENTAL RESULT. P :
R o TCYBSW — THE PROTON CYCLOTRON PERIUD IN THE snLAR WIND ACCORDING
C TN TCYBSW = TPCBSW/Z .44,
C

C INTERPLANETARY FIELD HAS MAGNITUDE Bsw. LATITUDE TAHMBDASB

C LONGITUDE PHIR. o _

c ‘ “W—‘% S wE

oo - COMMON/PLOTIN/NSECTN,NFIRST,,NAFTER,TTIC
COMMON/DATOUT/NEWDAT (26,60 ), IDUM
COMMON/ XHEAD/NTAPE, NFOTyNYEAR, COMENT(B)

T COMMDONZXTINT/RINT  NFILE ,NRECORDHN Ly NROURT , NMINT,NDAYZ,,NHOORZy ..

1 NMINZvISTART;IENDqIERRGRrNF;NR IFEHP '
COMMDN/OPTION/L ISTOP ,NMPLOTOP NPLTSAV 4 .~

T ""““"“““tnﬂnnN/xTIM?IDAY(so);TTIﬂtbo),INSTRTVINEND,LSEQSAV
COMMON/DARRAY/INDEX+TIM{500 }4NSEQ{500),LDAY{500) LHRMN{500} ,

BLMEB, ANa

1 LSEC(500),BSW(500),TPCBSW(500), TCYBSW(500),
R e R 7 BLMBE (500 T, PAIBTS00 T, TBVUSTSUO T » THBYISTU) CUHBAL'
3 TOPLOT,NSEQSAV, ISGAP, ISGAPSV,MTIMSAY
~_ COMMON/CONS/RADEG

T T OGITAL COMBAC, TUPLOT,, TSGAP, ISGAPSY
DATA RADEG/57.,2957795/
C NCODE IS THE PRINCIPAL DIRECTIVE FROM E35DRV TOD E35BXP.

T T T EONGTE S NCODE =71 MEANS THERE TS NEW DATA FOR PROCESSING.,

C ~ NCODE = 2 MEANS THERE IS SOME NEW DATA FOR PROCESSING AND THE
c END OF THE INTERVAL HAS BEEN DETECTED, SO WRAP 1T UP. .
- - TC TTTT=TNCODE =3 MEANS THERE IS NU NEW DATA FOR PRUCESSTNG AND THE™ ENU

HAS BEEN DETECTED, SO WRAP IT UP (ANNOTATE,y ETC.).
= NCODE 4 MEANS ABNORMAL TERMINATIGN -~ EOF REACHED 0ON TAPEG6,

"7~ NCODE =5 MEANS NORMAL TERMINATION = EOF REACHED DN TAPES,

H

ﬁn;ﬁﬂ
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C SECTION 1 - INITTALTZATIDN,

C
CALL E35DRV{1,NCODE)
- CACL ®XPLSTTI} =
C - | 2y
L C SECTION 2 -~ BEGINNING DF A NEW TIME INTERVAL. ?ggg
C Zie
150 CONTINUE : Ta €
C DIRECT E35DRV TO READ A NEW TIME INTERVAL. Tw%§
T CALL E35DRVIZ2,NCODET ‘ ) T
C IF NCODE = 5 THEN IT IS TIME FOR NORMAL TERMINATION. %%%;
o - IF(NCODE,.EQ.5)G0 TO 2000 , ‘ E%F4
C WRITE TIME INTERVAL VALUFS ON DATA CISTING.

0

. @

CALL BXPLST(2)
C IF TERRDR = 1 THE INTERVAL WILL BE USED,

e

o0l

IF{IERROR.ED,LIGD TO 400 X
NPLOTOP = 1 '

~C IF NPLTSAV = 3 ANNOTATION IS REQUIRED ON PLOT OF PREVIDUS INTERVAL.

/

T TFINPLTSAV,.EQ. 3 JCALCL BXPPLT(3)
G0 70O 150

C DIRECT E35DRV TO POSITION TAPE AND RFAD FIRST DATA RECORD.
77T 400 CONTINTE

[F(NPLTSAV.EQe3.ANDJNPLOTOP.EQ.1)410,420
410 CALL BXPPLY(3)

T TTNPLTSAV ETNPLIITOP
420 CALL E35DRV(3,NCODE}
GO TO{500,500,150,2000 INCONE
e o : _

C SECTION 3 - PROCESS FIRST RECNRND OF GNOD DATA.
c

500 CONTTNITE
ISGAP = .TRUE,
C IF NPLOTOP = 1 THERE WILL BE ND PLOT MADE OF THIS INTERVAL.

T T TFINPLOTOPLED. YT U 7O 550 7~ 77—~
C IF NPLTSAV = 3 THE PRESENT PLOT WILL CONNECT TO THE PREVIOUS PLOT.
IF{NPLTSAV.ED.3)510,520
T 510 ISGAP = (FALSF. T T T — -

GO TO 560

C INITIALIZE PLOT AND SAVE BFEGIN TIME.
T B0 MTIMSAV = TSTART _ T

CALL BXPPLTI(1)
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C RESET TIME GAP THECK (SEOUENCE NUMBER 1% USED FUR THES) .

550 NSEQSAV = NEWDAT(1,INSTRT) = 1
C RESET COUNTER FOR DATA QRRAYS.
- 560 THNDEX = 0

GO TO(600,800 INCODE -
C

¢ SECTTON % < PROCESSING EOR NORMAL DATE FLUW TN WIDDLE UF TRTERY

TNTERVALT
¢ _ .

600 CONTINUE

CALL CALARR

C IS IT TIME TO PLOT AND/OR 4IST-

510 CONTINUE

TF{TOPLOT )610,700 e :

IF(NPLOTOP (NE.1 )JCALIL RXPPLT(2}

- . IF{(LISTOP.EQ. llCALL BXPLST(3)
_ INDEX = O

C IS THERE MORE DATA TO PRUCESS.
IF({COMBAC )GO TO 600

Q%é“
T g DTRECT E3SDRV TO READ A NEW DATA RECORD. T = -
700 CONTINUE é@
CALL E35DRVI(&,NCODE ) S ;
b= =G0 TO{600,B00 ;900900 JNCODE " BN ;%*"
C | - L
C SECTION 5 - PROCESS DATA AT END OF INTERVAL AND PLOYT AND/OR LIST IT %3%3.
S T T RND WRAP P TRTS  TNTERVAL, =Ry
o 42
800 CONTINUE ngi
I —TALL CAUARR =
IF (NPLNTOP.£0.1)60 TO 850

CALL BXPPLT(2}
T T TTTF{COMBACYE50,820

AR

r
L1y

i
. L

820 IF(NPLOTOP.EQ.3)G0 TO 850
' C ANNDTATE TIiME ON PLOT.
T T T U CALL BXPPLTES )Y

850 CONTINUE

' IF(LISTOP.EQ.1 }CALL BXPLSTI(3)
TTTTTTTTTT T 1T 1S POSSTBLE THAT THERE TS SYILLTMORE UATA TO

: PROCESS.
IF(COMBAC 1870.150
870 INDEX = O
T G0 TO 800 T
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C SECTION & = END OF TNTERVAL AND NO-NEW DETA—V0 PABCESS <0 PrOY ANDIURL - ——
c LIST ANY DATA LEFT IN ARRAYS AND WRAP UP THIS INTERVAL. = . -2

c
-900 TONTINUE ~
!F(NPLDTDP.EQoI)GD TD 959
TF{ INDEX.NE.O YCALL BXPPLF(2}) .
CALL BXPPLT{3]
950 IF(LISTOP.NE.1)GO TO 970
IF{INDEX.GT.0)CALL BXPLST(3)
C WAS EOF REACHED ONW THE TAPE lTAPEﬁ!a
970 IF{NCDDE.EQ, 4?60 T8.2000
GO TO 150 :

é';,.‘ .

C
C SECTION 7 - TERMINATION,
2000 CONTINUE
C TERMINATE "PLUOY TAPE.
CALL BXPPLY{4} S
IF{NCDODE .E0Q. aazolofzozn
ZO0T0 CALL BXPLSTTEY
STOP
2020 CALL BXPLST(5)
STaUP
END

"SUBRTIUTINE CALARRE
c
C SUBRDUTINE CALARR - J. s.
“"‘“C'_C‘A'E]R‘R"‘ "B e N 1 W, I T - ._
C TAKES FROM 1-60 S@Ts OF UNPACKED EXP%GRER as §EQUENCES AVER&GES: -
C CALCULATES NECESSARY OQUANTITIES, CHECKS FOR TIME GAPS,. AND oec:oes

C WHETHER 1T IS TIME TO PLUT OR RETURN FUW‘HURE DATA,
C

BURGESS

COMMON/CONS/RADEG
T COMMON/DATOUT/NEWDAT(Z6+60 1, TDUN ' T S D
CDMMONIXTIMIIDAY(&O}q!TIM(&O}qINSTRTyINEND-LSEQSAV : SO LT
COMMON/DPTION/LISTOP 4NPLOTOP NP TSAV B . e
~ COMMON7DARRAY7TNDEX, l!ﬁl5UUT*NSEUT?UUT“EUFVT?UUT‘EHRHNTEDO)v ' '

1 LSEC(500),BSWI(500),TPCBSWI500) ,TCYBSW(500},
o 2 BLLMA(500}, PHIB(500)vTBVCS(SOOlvTHBV(SOO)yCUMBACv

3 TOPLOT ,NSEanv,!SGAP.FSGWS“V‘FTmSAV
LOGICAL COMBAC,TOPLOT, ISGAP,ISGAPSV :
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C SECTION 1 - PROCESS DATA.

C . ‘ N
C-NOTE - TOPLOT = .TRUE. MEANS IT 1% TIME ¥O ®LOT aaf-*”xf?-k'*“;-;e?*E\
c GAP 1S5S DETECTED DR THE ARRAYS ARE BUlL, ;

c NOTE = COMBAC = .TRUE. MEANS THAT AFTER PLOTTING: CALARR MUST BE caagez

‘ AGAIN TO FINISH PROCESSING DATA REMATNTNG. -
c NOTE - ISGAP = ,TRUE. MEANS THAT THERE IS A TIME GAP AND THE PRESENT BT
o SET GF D&TA 70 BE PLOTTED wILL NDOT BE JOINED TO PREVIUUS DATAeH

SAPSV SAVES VALUE O AP Fﬁﬁ"ﬁKFﬁLT. KO E
TOPLOT = .FALSE. : o o _“;--'r ‘y 'ﬁ“_
COMBAC = ,FALSE. : ' : - o
T DO500 T=TNSYRT, INEND
C CHECK FODR TIME GAP AND SEQUENCE RECYCLE.
IF({NEWDAT{1,1 }~NSEQSAV).EQ.1)60 TQ 300
TFTNEWDAT UL, T )L.EQ,. T JAND .NSEOS AV EG, 999999360 TU 300
C MAKE SURE THAT ARRAY IS NON~EMPTY BEFURE GGING Tarﬁtor. R
TF{ INDEX.NE.D )60 TO 700 . T
T T T T T T TS GAP R L TRUE. T ' —
C MAKE CALCULATIONS. INPEX COUNTS CONSECUTIVE DATA POINTS.
300 INDEX = INDEX + 1 '

EYTFRT
[W

& EOWE YN

N0
geintickl

Y IMTTINDEX Y = TTIMTYY
IF(LISTOP.EQ.2)GD TO 400
NSEQ(UINDEX) = NEWDAT(1,1)
LHAY(TNBEX ) = TDAV(T]
THRMN = 100%*NEWDAT(3,1) + NEWDAT(4,1)
CALL IFILIN(G,THRMN,Ii_HRMN{ INDEX )yMXER )

‘”“tﬁLr1¢TEﬂWﬁ‘WHﬁﬁTT?TW‘EﬁTTnWWKTTR5R1;
400 CONTINUE o
IF{NEWDAT (6,1 1. NE . 9999 ,AND., NEHDAT!&le.NE.O)GB T0 410-
. SET BAD POINTS TO FLAG VALUF
BSW{ INDEX) = 5000.
TPCRSW({ INDEX ) 5000,
TCYBSWITNDEX ¥ 5000,
GO TO 415
410 CONTINUE
T T T T T ASWIUINDEX Y = NEWBAT (5, T/ 10, ' .
TPCRSWIINDEX ) = 160./BSW{ INDEX) : e
TCYBSW{INDEX ) = TPCRSWIINDEX }/2.44 It
A5 TRFUNEWDAT{ZIZT J.NEL9999 GO TN 4720 o
BLMR( INDEX) = S000.




1P

GU TD 425
420 BLMB(INDEX)

n

NEWDAT(21,1)/10. _
425'!F(NEHDAT(22»I}.NE.9999lGU TO 430 _
- PHTBTINDEXT & 5000, . xﬂg ‘ RN B
S G0 TO 435 o : =
S “ 430 PHIB{INDEX}
_ Tsvcstlnnexy sono.
- THBV{ INDEX )} = S5000.
o GO TO %75 . —
450 TBVCS{INDEX) = ASS{COSIBLHB(INDFXJ/R#GEG?*CBSl
THBV(INDEX ) = ACOS{TBVCS({INDEX })*RADEG- . ..,
475 CONTINUE B
C SAVE PREVIOUS SEQUENCE NUMBER AND CHECK TOD SEE 1F ARRA?S ARE
NSEQSAV = NEWDAT(1.1)
IFUTNDEX L ER,.SU0 TG0 T, 600'- o ‘_f v
500 CONTINUE B
C IF IT GETS HERE IT IS TIME TO RETURN FOR HURE DATA.
ITSGAPSV = ISGAP
RETURN

_I_SFUTTﬁN Z = MAKE PEUT—ENU"RETUWN_FBF”ﬁUFE“- 
c
C PART 1 - THE ARRAYS ARE FILLED.
6006 CONTTNITE
ISGAPSVY = ISGAP
ISGAP = ,FALSE.
TF{T.LT, INEND J(OMBAT = TRUE. -7
TOPLOT = ,TRUE. ' o
INSTRT = 1+
TTRETURN

NEHQATIZZyIiIlG;

T

C
' C PART 2 - THERE IS A TIME GAP.
T T TTTTTTTO0  CONT INGE T
ISGAPSY = I5GAP
ISGAP = ,TRUE.

ST T T T T T s e IMBAG T E  TRUES
TOPLOT = .TRUE.
- INSTRT = 1

NSEUSAV = NtﬂﬂAlll,iNbe{; =1
RETURN
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" . ' “n

SUBROUTINE BXPLST{JLONE)

¢ : e
C SUBROUTINE BXPLST = J.S. BURGESS FOR EXPLORER 35 CDC SEQUENGE AVE, .7
C BXPLST IS A DATA LISTING SUBROUTINE FOR MAIN PROGRAM E358XP. IT.. -
T O CTPROVINDES A TCHMPLLETE DATA LTSTING FDR ANY YIME INTERVAL THAT HA'.'{ 1HE
C LIST OPTION ON (LISTOP=1). IT ALSD PROVIDES A LIST OF ALL TIME"
C INTERVALS IN A PARTICULAR RUN REGARDLESS OF THE LIST OPTION. - .. .
e B oo ’ T T
COMMON/ XHEAD/NTAPE, NFOT + NYEAR3COMENT(B) ' e P LI s
CUMMUN/XTINTININT,NFILE,NRECORD'NDAYlgNHDURlvNMINl,NDAY2.NHUUR2r'_
T T T T T T T T T M N 5 IS TART s TEND S TERROR, NF S NR, TFEMP
COMMON/DARRAY / INDEXy TIM{500 ),NSEQ(500) yLDAY ({500} LHRMN{500),
1 LSEC({500),BSWI(500), TPFBSH(SOO),TCYBSHtSOOJv
T T T T T T T T T TR B (S 00 1y PHTBUS D0 VY TRV S (S 00 v E pr
3 TOPLOT,NSEQSAV,ISGAP,ISGAPSY,MTIMSAV
DIMENSION TITLE(&),TGP(2)
B T DATE TITUEZ740R&x® EXPLORER 35 THETA XB, PC3 PERTOD &%%7
DATA TGP/ 20H#%x%x%xx TIME GAP Rxkiok/
LOGICAL ISGAPSV |
- 6D TO(100,200,300,1000,2 JCODE T T T T TR R
C : R A
. . C SECTION 1 - WRITE TITLE PAGE A
o
100 CONTINUE
WRITE(8,10 }TITLELNTAPE,COMENT
ST T T T Y FURMATTiH17f7/Tﬁi”ﬁifn?IUY—iTIFE”NU“EEE—:E;TETTTUXWEIIn)
RETURN
T o C SECTION 2 = WRITE TIME INTERVAL VALUES OR AN ERROR MESSAGE SR ' f
o - o
200 CONTINUE .
CTTURRBRITEUS,20MTITURGNINT & T e e - S T TR T
20 FORMAT({1H1,4A10//25H % TIME INTERVAL NUMBER,14) - R
C NOTE - TERROR = 1 MEANS THAT EVERYTHING IS OK. L h
" ' T IFTIERRORLCER.YIGO TN 250 T T mm T s e : : -
WRITE(R,30) o
30 FORMAT(///10X,*THIS INTERVAL WAS SKIPPED BECAUSE OF AN ERROR.%// : N
T ST B | - "I0X,%SEE MONTTOR L ISTING FOR™ ERROR "TNFORMATTONG®) N NPE i
RETURN \ S R
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C WRITE DOUT TIME INTERVAL VALUES. T T T
C NOTE - LINE COUNTS PRINT LINES FOR PAGE EJECT DECISION.
C NOTE - LDAYSAV SAVES THE LAST DAY USED IN DATE PRINTOUT,.

T T TTT2B 0 CONTINUE T
LINE = 100
LDAYSAY = ~100

T T T CALU XUDATEINDAYI W RYEARGMTHIZJDAYL] ——
CALL IFILIN(2,JDAY1,KDAY1 ,MXER}
CALL XDATE(NDAYZ NYEAR,MTH2,JDAY2)

CALL TFTLTNTZ DAY 7, KDAYZ2 T MXER T
WRITE(R 40 IMTHLWKDAYYL 4 NYEARZNDAYL 4NHOURL 4NMINT,y
1 MTHZ sKDAYZ 4 NYEAR 4NNAY2 4 NHOURZ y NMI N2

T T T An FORMAT /710X R FROME T3, TR/ VA2 THZ 125 % (DAY, T4, ®1  HR¥; 13,5  WINZ
1o13/710Xy*  TO*gi3,1H/ ¢ A2,1H/,T12+% (DAY*414,%) HRE,I3,% MIN¥,13)

RETURN -
e o , =
C SECTION 3 - DATA PRINTOUT FOR LISTOP = 1. PRINT OUT THE DATA ARRAYS. v
¢ :

L T T TE———

IF(LINE,EQ.100.0R. . NOT.ISGAPSV GO TO 310

C WRITE TIME GAP LINE N
T T T T T T Y RITE TS, 45 WGP TGP T T S =
45 FORMAT(14Xs2A10417X42A10) i
LINE = LINE + 1 g

T ETE B0 G000 TS TN ™ e e e e e —
C CHECK TD SEE IF NEW DATE IS REQUIRED.
IF(LDAYSAV.EQ.LDAY(I})GO TO 320

CTLDAYSAV = IDAYUTY T T T
CALL XDATE{(LDAY(I)yNYEAR,MNON,MDAY)
CALL IFILIN{Z,MON,LMON,MXER)

T CALU TFTLTNTZSMDAY, TADAY, MXFR) ~— ~ 7 7 e
IF(LINE.GT.36)60 TO 330
WRITE{8 .50 JLMNN,LMDAY NYEARLI NDAYSAV

B0 FORMATU/ 22X A2y ITR7 yAZ 1R/, 17 v'*"""UKWq T&ry B o
LINE = LINE + 3
GO Tﬂ 7550

320 TF{LINELT.40 )Gﬂ TO 350
330 WRITE(8,60)LMONL_MDAY . NYEAR,LDAYSAV,TITLE

1MN 5C RSW LAMRDAR PHIB THRVCOS THETARBY TPCBSW TCYC

60 FORMATIIHILIX,AZ,TH/ yAZ, 1Ay T2,%¥ DAY¥,1%,3Xy4A81077% SEQUENCE HWR —
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1000 CONTINUE

2BSH¥F/ ) )
LINE = 4 g% &
C PRINT ONE LINE OF DATA D o
~350  CONTINUE I~ ey
WRITE(8,70 INSEQ(T )y LHRMNI T 3o LSEC(T}oBSHIT) 4BLMB(T),PHIB(I), SaES e
1 TBVCS( 1), THBV(T },TPCBSWL 1) pTCYBSHIT) N el
70 FORMAT(IX. 183X, A4+ TXyAZ Xy 3FB. I F8 .3, FI- 134 X FB IS FO- T ﬁimi
CLINE = LINE + 1 &b
400 CONTINUE B,
; T RETURW o
: c ' He
C SECTION 4 — TERMINATION gzﬁagw
C W

WRITE({8,80)

80 FORMAT(1WI//743H %#%
RETURN
CONT INUE

WRITE(8,90) h T B T

ABNORMAL TERMINATION < "SEE HﬁNITUR-***I;
2000

90 FORMATULHI///19H %%¥ END OF JOB #%+%)

RETURN

END

SUBROUTINE BXPPLT (MCODE )

SUBROUT INE BXPPLT - J.S. BURGESS FOR EXPLORER 35 SEQUENCE AVERAGES,

BXPPLT IS THE PLOT SUBROUTIME FOR E35RXP. VALUES OF THBVs TBVCS,

BXPPLT USES THE TRW PLOT EXECUTIVE SURRDUTINE CCP FOR THE CAL-COMP.

[
C
C
L TPUBSW, ANT TCVBSW TSEE E3ISBXP VT ARE PLOTTED AS A FURCTION OF TIME."
C
C
C

AT PRESENT, THIS PROGRAM WILL NOT PLOT ACROSS THE END OF THE YEAR.

COMMON/XHEAD/NTAPE yNFOT ;NYEAR,COMENT(8)
COMMON/PLOTIN/NSECINsNFIRSTyNAFTER,ITIC
Cﬁﬂﬂﬁﬁ?ﬁ]ﬁﬁﬁ??TNnE?TTTMT?ﬁﬁTTWgEﬁTgﬁﬁTTfDEYTFﬁU?rLHRHNlSODiv

1 LSECT500}+BSW{500),TPCBSW(500), TCYBSW({500),
2 BLMB(500),PHIB(500),TRVCS(500) ,THBVIS00) ,COMBAC,
377 B  TOPLOT,NSEQSAV, ISGAP, ISGAPSV MTTMSAY

.DIMENSION PTITLE(3 }oFLUB),F2UT7)19sF3(2)4F4{1),¥YTIC(1500)
LOGICAL ISGAPSYV

DATA YTHBV,DTHBV,YTRVCS, OTBVCSyYTRTSOV yOTPC SOV, YTCYASW, DTCYBSH
1 , 200-9 -ZO.! "1.09 0'2’ 0.07 2019 0‘0'

20./7
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DATA PTITLE!BOH* EXP 35 THETA XR - PC3 PEREGD/

—_—
v
i

DATA F1lsF2,F3,F4/6%]0H +12H THETA BvY,
1 5% 1 0H »12HCOS THETA BV,
z T : TOH Ty IORTPC SOVIET,
3 10H  TCYCBSW /
C NOYE = WCODE = 1 MEANS A NEW PLOT WILT. BE SET UP.
C - MCODE = 2 MEANS GO PLOT DATA. : '
c - MCODE = 3 MEANS PLOT TIC MARKS AND ANNDTATE TIME ON PLDT. : .
¢ = MCODE = 4 WEAN : TEPE e
C o . S
GD TU(lOOgZODfBOOiAOO!MCUDE
o
C SECTION 1 - MCODE=1 - SETUP FOR A NEW PLOT.
c
100 CONTINUE
- ISECIN = NSECIN.
IFIRST = NFIRST*60
TAFTER = NAFTER¥S0

NTIC = ITIC%*60 -
C GET START TIME (LEFT CORNER) OF PLOT FOR GIVEN TIME INTERVAL.

CALT MOVBACTTISELIN,FTIMEAV, f ITSTARTLNSETY 7 57 o v
XTSTART = [TSTART : :
XSECIN = [SECINM

C CALL CCP SETUP ENTRANCE.

L GET SYMBUL FREQUENUY.
NSYM = ,025%XSECIN + .5

CALT CCPIT y 25y RTSTART S RXSECING TIWM UGy

1 YTHBY 4 DTHBY, 44NSYM, THBV,
2 YTBYCS, DTBVYCS, O, 1, TBVLS,
B 3 YTPCSOV,,OTPCSOVy 45 NSYMTTPTHESW, ' ‘
4 YTCYBSW,DTCYBSKW, O, 1.TCYBSW, 30,PTITLE, Oy O,
5 T2.F1, 62sF2 20sF3, 104F4%)
T T RETURN T

e

c
C SECTION 2 - MCODE=2 - PLOT DATA.

200 CONTINUE
ICONECT = 0O

T TFUTSGAPSVIICORECTET T T
C CALL CCP DATA ENTRANCE TN PLOT.
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CALL CCPUZ,INDEX, ICONETT)
C SAYE TIME OF LAST POINT PLOTTED EACH TIME.
ITRIGHT = TIM(INDEX} + .5

T RETURN
o
C SECTION 3 - MCDDEaa — PLOT TIC MARKS AND ANNDTATE TIME FOR THE WHOLE
€ PLOT. THIS IS THE END OF THIS PLOT.
o
300 CONTINUE
C GET TOTAL NUMBER OF TIC MARKS AND ANNOTATIONS AND ALSU GET THE RIGHT- -
o MOST TIME (ITRIGHT) ON THE PLOT FRAME, ,
LTIMSUM = ITSTART + IFIRSTY
" ITIMSUM = TTRIGHT - LTIMSUM -
NUMBER = ITIMSUM/TIAFTER
ITRIGHT = LTIMSUM + NUMBER*IAFTER
o IF{MOD{ITIMSUM, TAFTER J.NE.D)310,320 .
o 310 NUMBER = NUMBER + 2 -
B ' ITRIGHT = ITRIGHT + IAFTER

T GO TD 330
320 NUMBER = NUMBER + 1}
330 NUMTIC = (ITRIGHT - ITSTARTI/NTIC + 1

T TFTNOMTITLGY S IS00YNUMYIC = 1500 —
DO 340 J=1.NUMTIC
340 YTIC(J) = 0.0

4004 81 BV TV RIDT(
MHT, 0| ALITIEIONADHAN

XRIGHT = TTRIGHT
. XTIC = =NTIC
C CALL CCP PARAMETER REDEFINE ENTRANCE TO SET UP TIC MARK PLOT.

CALLl CUPT=T, ZrXTBIART!XS{:CIN?XRI(:HT,XTFEVI'U leOU-olE'rTY'l IL,
1 0+0+0+0,0,0)
CALL CCP(ZvNUMTICvI)

— - T C FINTSH TIC MARK I_INE™TO LEFT CORNER TF NECESSARY.
IF{LTIMSUM L EQ.ITSTARTIGN TO 350

’ o XTIC = =XTIC -
1 CALL CCP{=1,y 24 XTSTART 4XSECIN, X START,X1T1C,1,0.0,100.513,1,YTiC,
i 0,0:0+0,0.,0) .

~ CALL CCP{2,1,0) .

C ANNOTATE TIME ON PLOT (CCP ANNOTATION ENTRANCE).

: C

350 CONTTNUFE
MDAYSAV = 0
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b0 390 I:l,. NUMBER ™~ "= 7" " T e — . N
TOTSEC = LTIMSUM - JTSTART
. IDIS = {TOTSEC/XSECIN)*100.

- 26-‘ + 05
TCALCT TINCONTI  IFERLLTIMSUMMDAY M'HR;FTINvWS'EC WHTTT
IF{MDAYSAV.EQ.MDAYIGD TO 370

-
2k
_ MDAYSAV = MDAY o N 2w
€ GET NEW PATE. B Z S
CALL XDATE(MDAY NYEAR,MONTH,MDY ) @:cj
CALL TFILIN{Z,;MNINTH,MNTH, IXER } Q
CALT TRYCTN{Z MDY, LDY, TRER Y — ~~ =" =
ENCODE(B,10.DATE IMNTH.I.DY,NYEAR gggi. g
L 10 FORMAT(A2,1H/,A2,1H/,12) e
C ANNOTATE NEW DATE — MO/DA/YR: T T e I,
CALL CCP(3,IDIS+5,5.15,B,DATE} e
370 CONTINUE S w3
T T T T BHRMN = TGDERHR F RIN ‘w@
_ CALL TIFILIN{4,MHRMN,KHRMN, [XER)
C ANNOTATE TIME - HRMN,

. TR R T
T T T T T T T AT CCPTF TDTSS 305 . 15, 4. RARMNG T T
LTIMSUM = LTTMSUM + IAFTER

390 CONTINUIE
T T T C CALLU UCP CLEAN-UP ENTHANCE. T T om T T
CALL CCP(5,999999) :

RETURN
e o e s

C SECTION 4 — MCODE=4 ~ TERMINATE PLOT TAPE.
C

T TTTTR00 TCONTINUE T . T
CALL CCPt6)

RETURN .
e RERUR I o ~
1] L)
SUBROUTINE MOVBAC (ISECIN,MTIMSAV, ITSTART,NSET)
I — S T e e R = _ .
C SUBROUTINE MOVRAC - J.S. BURGESS FOR EXPLORER 35 SEQUENCE AVERAGES. C e
C MOVBAC CALCULATES THE START OF THE TIME AXIS ON THE CAL—-COMP PLOT TO
— T T CTHE NEAREST  TO MTN — TF— - 300.0CE: ISECTN.LT. TBO0 SEX /7 TNTHS
¢ THE NEAREST 1 HOUR IF  1800.LE.ISECIN.LT.10800 SEC/]NCH,
¢ THE NEAREST & HOURS IF

10800 .EJISECINJLE.64800 SEL/INCH.
TTCTIN THTIS WAY THE TTME INTERVAL TAN BEGIN ANYWHERES BUYT TRETPLOT WILL
C ALWAYS BEGIN ON SOME CONVENIENT MULTIPLE OF WHOLE MINUTES,
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C MOVRAC TS CALLED FROM THE E35 PLOT EXECUTIVE SUBROUTTNE, BXPPLT.
c

DIMENSTION LIMIT{2)«.NDIV(3)

DATA TIMIT/1800.108007 ey
DATA NDIV/600,3600,21600/ 8
C FIND THE SETY DF TIME INCREMENTS THAT CONTAINS ISECIN, ggﬁgg
bo 260 T=1, T )
IF(ISECIN. LT LIMIT(I GO TO 220 =
200 CONTINUE w2 b
T=3 " : ‘ Z =
C GET TIME OF LEFT CORNER OF PLOT (ITSTART) B e
220 ITSTART = (MTIMSAV/NDIV(I)}*NDIV(I) [
T e o NS FT =1 T " - ;r-_%
RETURN >
. e END 2

SUBROUTINE E35DRVI(ICODE,NCODE )

SURROUTINE E35DRV ="J.5,. RURGESS FOR EXPLORER 35 CDU SERUENTE AVE.
E35DRV IS THE EXPLORER 35 CDC TAPE DRIVER PROGRAM, IT MERGES THE TAPE
WITH SELECTED TIME INTERVALLS. IN GENERALL IT READS A TIME INTERVAL,

POSTITIONS THE TAPE AND UDCATES THE START TIME, AND THEN RETURNDS DATA
RECORND BY RECORD TO A MAIN CALLING PROGRAM UNTIL THE INTERVAL HAS
REEN SATISFIED,., A LIST OF RECORNDS SUPPLIED FOR EACH INTERVAL IS

"RECORDED BY E3SMON, CARD TNPOT IS TAPES, THE TDU TAPE IS TAPESE, AND
THE MONITOR IS TAPE7. SEFE E35DRV WRITE-UP FOR INSTRUCTIONS.

: : i
SNl ¥ N R XaFa e Fot

!
I

- COMMON/PLOTIN/NSECTIN,,NFIRST,NAFTER,ITIC —
COMMON/DATIN/ INDATA (8,60 )
COMMON/DATOUT/NEWDAT (26,60 ), IDUM

" COMMON7 XHEAD/NTAPE, NFOT, NYEAR S CIMENTI8) —~— 7 " ~ “
COMMON/XTINT/NINT yNF TLE 4NRECORD ¢NDAY1 o NHOURL sNMINL ¢ NDAY2 o NHOURZ s
1 NMINZ, ISTART, IEND, IERROR 4 NF yNR I FEMP

"COMMON/DPTION/LTISTOP,NPLOTOP,ZNPLTSAV T T e

COMMON/XTIM/Z/IDAYL6D )o ITIMIA0 1o INSTRT s INENDSLSEQSAY
NDATA COMENT/R%1 OH sk dkascdededen /

DATA LTSTOP NPLOTOP NSECTN,NFIRSTHNAFTER,ITIC72+1+300,0460,107 ~
NAMEL IST/HEADER/NTAPE NFNT ¢y NYEAR ;COMENT
NAMFIIST/TIMINT!NINT,NFILF MRECORDyMDAY14NHOURL 4 NMINY ,NDAYZ, NHOUR2

I T T T T UNRINZ G NYEARGUTSTOP ZNPLOTIIP, NSEC TN, NFIRS T, NAFTERY
2 ITIC
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¢ TCODE MUST BE SUPPLTED BY THE CALIIING PROGRAM 70 DIRECT E3ISORV.
GO TO(200,300,400,500)YICNDE
C

- L SECTION 1 = TCODE=YI = INITTALUTZATION — READ WEADER CARDy WRITE TITUE™
e : PAGE ON MONITOR, INITIALIZE RECORD AND FILE COUNTERS.
c

700 CONTINTE e e — —
CALL NMLEOF
NCODE = 0

REWIND & R — e
READ{ 5, HEADER)
CALL E35MON(])

NR =0 - e
NF = 1}
RETURN

SECTION 2 - ICODE=2 -~ READ.TIME INTERVYALS AND CHECK.

Y O oy

300 CONTINUE™ o T T oo T
NPLTSAV NPLOTOP
LISTOP = 2

NPLOTOP =
LSEQSAV = 0
READIS,TIMINT)

— ——— e e —

IF{EOF,5)2000,320
320 CONTINUE
CALL TINTCHK

CALL E3SHMONTZ2T T T e
RETHRN

SECTION 3 - TCODRE=3 =" POSTTION TAPF TN FILCE AND RECDRD TONTATNING
START OF INTERVAL AND READ FIRST 600D RECORD(SEE SEC.4).

e ¥l I

T e C ONTTRUE . e+ e e e e e o e e
C FIND FILE, '
IFINFILELED.NF}IGO TN 450

TETITITITIIT e s e v e "—C'A'L_L_‘_S'KIPF r"S';NFTL—E‘_"ﬁ]F‘) T T n T T e e mmmamne - T T T T T e s e e

NR = 0
NF = NFILE

ST e e STEGRRE & ] e o e e o e e
IF{NRECORDLEQ.NR 460,470




iy

‘_*T“__ w. svsrsms

" C IF IT GETS HERE THE RECORD HAS ALREADY BEEN READ.
460 IFSAME = 2
GO TO 610

TTCTFIAD RECORD.
" '470 LRECORD = NRECORD - 1
.. IFI{LRECORD.EQ,NRIGO TO 500

_ R —MX = LRECORD - NR
L : : DD 490 LX=1,MX
: 490 READ(G)

NR = hRECURD

SECTIDN 4 = YCODE=4 - READ NEXT DATA RECORD, UNPACK AND SCAN TIMES.

oo

500 CONT INUE
MR = NR + 1

READ TAPEG, TNDATA
IF{EDF,6)510,600
510 NF = NF + 1

TFINF.GT.NFOTIGO T 1000
NR = 0
G2 TO 500

C UNPACK DATA AND SEARCH FOR DATA TTHES CONTAINED TN INTERVAL.
600 CONTINUE
CALL UNPKEX

610 CALL TIMFND{IFSAMF, IFEMP, ISTART, TEND,NCODEY 777 7
CALL E35MON{3,NCODE)
IF(IFEMP.NEL3)GO TO 500

RETURN

SECTION 5 -~ TERMINATION

NbTE — NCODE = 4 MEANS ABNORMAL TERMINATION - EOF REACHED ON TAPEG6,
NCODE = 5 MEANS NORMAL TERMINATION - EOF REACHED ﬂN TAPES.

e i2 e X2 Tal2l

1000 CONTINUE
REWIND &
T T T T T ALY EISMON T T Tt o e o T
NCODE = &4
RETURN

> O00 CONTINUE™ — e i e e e e e e e e e o e
REWIND 6




o~

' Tﬂw.s YSTEMS:.

CALL E3SMONTS)
NCODE = 5
RETURN

= END

SUBROUTINE INTCHK

"

SUBROUT INE INTCHK - J.S. BURGESS FOR EXPLORER 35 SEQUENCE AVE.
INTCHK DOES ROUTINE CHECKING FO TIME INTERVAL INPUT FOR E35DRV,

ABETEXPTORER 35 CLUC TAPE ORIVER SUBRUUTINES I T RETURNS TRE STATUS
OF THE. ENPUT DATA THROUGH THE PARAMETER IERROR. ERROR MESSAGES
GAN_BE FOUND IN THE SUBROUTINE E3SMON. INTCHK ALSO CALCULATES

R

START AND STOF TIWMES OF THE INTERVAL [N TUTAL SECUNDS.

nnndﬁnnd~

COMMON/PLOTIN/NSECTINsNFIRST,NAFTER,ITIC

COMRDON7XAEAD/NTAPE .NFOT,NYEARFCITRENTTHT

COMMOM/ XTINT/NINT,NFILE.NRECORDyNDAY 1+ NHOURL, NMINerDAYZoNHDURZv”‘

1 NMINZ , ISTART TEND, JERROR yNF ¢ NR o IFEMP

. CUHRUN?UP?IﬂN?EISiUP_NVLOTﬂP NP TSAV
"C CHECK OPTION VAILUES,
IF(LISTOP.EQ.1.ORLLISTAOP.EN.21}100,120

100 TFINPLOYOF.GT.OAND.NPLOTOP.LE., 3}150,120
120 1ERROR = 7
RETURN

_C‘CHECR VALUE GF NFITLE (FILE CONTAINING START TTME OF THE TNTERVAL Y.
150 IF{NFILE.LE.NFOTIGO TO 160
IERROR = 6

TTTRETURN -
'C CHECK POSITION OF TAPE RELATIVE TO NFILE (NF IS CURRENT POSITION).
160 IF{NFILE.GE.NFI}GD TO 170 _

TERRUR =&
RETURN
C CHECK POSITION OF TAPE RFLATIVE TO NRECDRD (IF NFILE NF).

Y70  TFUNFILE . NE.NF GO TU IB0
IF(NRECORD.GELNRIGO TO 180
IERROR = 5

RETURN
C CALCULATE START AND STOP TIMES OF TIME INTERVAL IN TOTAL SECONDS.
180 CONTINLIE

CALL TIMCON(=3, TFERyISTART s NDAYT s RHHTHIRT y NMIN T, 0 o )
CALL TIMCON{=3,IFER+IFEND,NDAY2 ,NHOURZ yNMINZ,0)




C HftE SURE START TIMF IS LESS THAN STUP TTHE.

IF(IEND GT.ISTARTIGO TD 190
IERROR .= 3

-

tﬂETURN .
MAKE SURE TIMES ARE IN RANGE OF YEAR.
190 NSCINYR = 31536000

TFITMODTNYEAR & V. EQ.O)NSCINYRJBIBZZQOOL
IF(IEND.LT.NSCINYR }GO TO 200

‘ . IERROR = 2
" R T TRETURN. i
£ ARE THERE PLOT VALUES TG CHECK. )

200 IF{NPLOTOP.NE,1 16O TO 300

NSECIN = 0

NFIRST = 0

NAFTER = O

- ITIC = O

- 60 TO 1.000

300 IF{NPLTSAV.ED,3)G0 7D 345

CHECK RANGE OF TIME INCREMENT PER INCH VALUE.

ok
- IF(NSECINLGE +300,AND NSECIN.LE.64B00)G0 TO 310
L IERROR = 8
' CRETURN |

CHECK. RANGE' OF EIRST ANNGTATION INCREMENT.

¢ |
310 iFﬂNFIR&T.GF.O AMD.NFIRST.LE.1440)G0 TO 320
fERROK = 9
RETURN

CHECK RANGE OF FOLLOWING ANNOTATION INCREMENT.

2O TFIRAFTER G GE L S S AND NAF FER TESZS9Z0TED 1T 330

{ERROR = 10
RETURN -

CHECK TIC MARK INCREMENT'VALUE.
330 JF({ITIC.GT.0.ANDMOD(MNMAFTER,ITIC).EDQ.0)IGO TO 340
335 IERRDOR = 11

- RETUEN
340 NSTART = ISTART
345 ITIMTOT = IEND ~ NSTART + NAFTER%*60

C

IF(ITIMTOTZ{ITIC®60 1. GTL.1500 G0 TO 335
EVERYTHING APPEARS TO BE OK.

1000 IERROR =1

RETURN : B ; T o
END
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SUBRNUTINE E35MON{LCODE . NCODE }

TSUBRODUT INE E3SPUN + J.5%, "BUORGESS FUOR EXPLORER 35 CDU SEQUENCE AVE."
"E35MON IS A LISTING SUBRGUTINE CALLED FROM E35DRVy THE EXPLORER 35.
COC. TAPE- DRIVER PROGRAM, THE PRIMARY FUNCTION OF E35MON IS TO MAKE "

A LYSTING UOF ACLC RECORDS ACCEPTED BY E35DRV AS VALTD INPTITFOR THE
CURRENT TIME INTERVAL. IT ALSO tISTS VALUES OF INTERVAL INPUT AND
HRITES VARIOUS ERROR MESSAGES.

Ao

CDHMGN/PLDTIN/NSECIN;NFIRSTqNAFTER'ITIC
- COMMON/XHEAD/NTAPE JNFOT .NYEAR ,COMENT(8)

COMMON/ XTINT/NINT, NFIEE NRECORD, NDAY Ty NHOURTS NMINI,NDAYZ,NHUURZ'
1 NMIN2,ISTART, JEND s IERROR ¢NF yNR o IFEMP
COMMON/OPTION/LISTOP+NPLOTOPNPLTSAY

COMMON/DATOUT/NEWDATT26,00 14 TDUM
.CDMMDNIXTIM/IDAY(bQ}¢1TIH(60)leSTRT;INENDyLSEQSAV
DIMENS ION ERRMES(3,11 J,ERRIND(2),MLERR(3,2)

DATA ERRIND/ [OHOXEFSRE=%%, [OH0¥ ERROR %7
DATA ERRMES/30H®%® QK #doxgxsx QK #kiokkd QK %%,
30HTIME IS OUT OF RANGE 0OF YEAR. o

FORTIME "Z 1S LESS - YRAN TIFE 1. v
30HTAPE POSITION IS PAST NFILE. o
AOHTAPE POSITION IS PAST NRECORD..

IUANFITE IS GREATER THAN NFOT. v
30HOPTION VALUE IS QUT DF RANGE.
30HNSECIN IS OUT OF RANGE.

IORNFIRST 1S TIT OF RANGE «
JOMNAFTER IS OUT OF RANGE.
30HITIC 1S NODT ACCEPTARLE.

=N R IR Y B VUL Ry

L Y ]

A TA MCERR7 3I0REF EF OVERCAP UR WU TITME MATCH;
1 3QH%%%%% RECORD HAS ALL RAD TIMES/
GO TO(100,200,20041000,2000 )LCADE

C

C SECTION 1 — WRITE TITLE PAGE. .

c

100 CUONTTRUE ' -
WRITFE( 7410 INTAPE,NFOT,NYEARCOMENT
10 FORMAT(1RHL///7/710X,32H%%%% E3S5DRY MONITOR LISTING *¥kxk

] 715X, TTETAPE NUMBER =%, 17
2 /715X, *NUMBER OF FILES —-%,13
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3

715X, *YEAR OF DATA =*,T67710X,8A10T

LINE = 100
RETURN

22k

SECTION 2 ~ WRITE PAGE HEADING.

700 CONTINGE - —

TF(LINELLT .40)GC TO{100,300,400)LCAODE
LINE = 2

WRITE(7,20)

-

TN QaoEddd

20 FORMAT(1Hl+* INT FILE REC START-SEQUENCE DAY HR M SC END-SEQUEN

. O S P .1..?'.. D IY R MN SC- NC”DE ISTART TIMFI TI!‘EZ IE&’D° ! )
1 )LC : 3 v v e e e e e ——
C

{0 AL

C SECTION 3 - WRITE TIME INTERVAL VALUES AND ANY ERROR MESSAGE.
C - . ‘“‘ -

o0k S EpVE TVNISTHO

NI

TR
o

[l

300 CONTINUE
] IER = ] _
T TIF(TERRORLGTLIIIER =TT

WRITE{7y30 JERRIND(IER )yNINT NFILEsNRECORD 4NDAY1 ,NHOURL 4NMINT,
1 NDAYZ s NHOLR2 s NMIN2 yNYEARLLISTOP 4NPLOTOP.NPLTSAVY,
e

TERRMES LM, TERRTIR s LM=1,3) , IERRAOR (NSECTNYNFIRST ,NAFTER »
3 ITic

30 FORMAT(AL10+15+% NFILE=%,13,% NRECORD=#41441H49154214+1Xy15+214,
T T T T T T T NYEAREE, TS5, [H. W 3T 3 I A0, TS/ TE Xy ENSECTNE®, Ty [Hy ¢

2 % NFIRST=#,19,1Hys% NAFTER=%,19,1Hy % ITIC=%,19)
e LINE = LINE + 3 _

T 77T TTRETURN T -

] .
~ C_SECTION 4 - WRITE ONE MONITOR LINE DR ERROR MESSAGE.

C

400 CONTINUE
. "LINE = LINE +1 S
IFUIFEMPL,EDL3 GO TN 450 T . T T

WRITE( 7435 ININTyNFyNRy (MLERR(ILLMy IFEMP}4ILM=143)
35 FORMATIIX2144,15+2X%X+3A10)
B e e

450 CONTINUE
IF{NCNODELERQL3IGO TO 500
WRITE( 7440 ININT ¢NF NR,INSTRT,NEWDATIYL, INSTRTIVIDAY( INSTRTY ;™

1 NEWDAT (34 TNSTRT )4 NEWDAT (43, INSTRT), NEWDAT(5, INSTRT) ,
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2

ITNENDNEWDAT{ 1, INEND ¥, IDAY(TNEND T, NEWDATT 3, TRENDTS
3 NEWDAT (44 INEND } yNEWDAT {5, INEND) 4NCODEyISTART,
4 ITIMIINSTRT),ITIM(INCND)|IEND
i 40 FOR 2% ¥ S }= * I7TI5¢3T37, 143X, 4T10)
RETURN - ¢;~y -1; zﬁ- 3 .
500 CONTINUE ST S
WRTTE( 7,50 INTNT; NFsNR SRR
50 FORMAT(1Xs214415,2Xo*ALL OF THIS RECORD PAST END OF INTERVAL#*) )
RETURN __ ?3%5
- T —q
c SECTIDN 5 - wRITE TERM!NATIDN MFSSAGE. %
C ¢ L
1000 CONTINUE =
WRITE({ 7,60 JNINT ,NF _ w N
60 FORMAT{1H1///% ABNORMAL TERMINATION¥/% END OF TAPE REACHED IN INTE v $2
T IRVAL WO, ﬁ‘TI7$_NF""§,I¢) Y
RETHRN b L
2000 CONTINUE e
o ' WRITETT7, 701 - -
70 FORMAT(1HL///% NORMAL TERMINATIONX)
RETURN
T T eND " =
H . 1]
SUBROUTINE TIMFND(IFSAME. IFEMPISTARToIEND,NCODE)
— -r-

C SUBROUTINE TIMFND - J,.S

. BURGESS FOR EXPLORER 35 SEQUENCE AVE.

C TIMFND IS CALLED FROM E3S5DRV TN DETERMINE THE FIRST (INSTRT) AND
U UAST TINENTT SEQUENCES TFROM A DATA RECORU OF B0 SEUUENCEST

TRAT AKE
C CONTAINED IN THE CURRENT TIME INTERVAL.

TIMEND ALSO REMOVES OVERLAP,

C CALCULATES EACH TIME IN TOTAL SECONDS. GETS ACTUAL DAY OF YEAR, AND

~ C DETERNINES TF THE END OF THE TIME INTERVAL HAS BEEN REA
C

COMMON/ DATOUT/NEWDAT (26,60 1, IDUM
T T T T GMMON/XT M7 TDAYTED T, 1TTRTE0 T, TNSTRT; TNEND; L SEQSAY ——
C NOTE ~ IFSAME

= ] MEANS RECORD CHECK AND TIME CAILCULATIONS MUST BE
C MADE FOR THE CURRENT DATA RECORD,
C T T=TFSAME ¥ 7 WMEANS THAT A™NEW TTME INTERVAL REGINS TN THE SAME
C RECORD JUST PRODCESSEN BY TIMFND, SO SKIP SECTION 1.
GO TO(100,400 )IFSAME
T

C SECTION 1 - TIME CALCULATIONS,
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C

100 CONTINUE
C FIND LAST GOOD TIME IN RECORD.

DO 200 I=7 ,60

GO TO 210
200 CONTINUE

Ll
-y
=

!

IFINEWDAT(1461~1 ), EQ.999999 AND. NEWDAT(S;&I [1.EQ.0)GO TO 200
C NOTE -

IFEMP =
IFEMP = 2

 NEDTEC

2 MEANS NGO GOOD TIMES. RETURN FOR NEW RECORD.
RETURN
210 LASTIM = A1-1

i 0

T

&
e

"1

o C ELIMINATE OVERLAP AT END OF RECORD.

IF(LASTIM.LT,2 }GO 7O 290
DO 250 I=2,LASTIM

obe S48

_,.
U

IF(NEWDAT(14] }4GT.NEWDAT(1,1-1))G0 TO 250

ITFINEWDATTT v 1 V1T . 1000 ARD JNEWDATT L\ T=17 . GT . 999000Y250,2 70
250 CONTINUE :

GD TO 290
ST T T ZTO LASTIMN = 11

L

Yar oy
FL | EO A

Y

290 CONTINUE

C GET ACTUAL DAY OF YEAR AND CALCULATE SEQUENCE TIMES N TUTAL SECONDS.
T DO300 T=TL,LASTIM
IDAY{I) = NEWDAT(2,1) + 1}

115, 7T)]

CALL TIMCON(-3,IFER,ITIM({Y),IDAY{I) NEWDAT(3, I)vNEHDAT(#yI)vNENDAT
300 CONTINUE

GO TO 410
T

C SECTION 2 - DETERMINE INSTRT AND INEND
C
77T 777400 CONTINDE

IFSAME = 1

. C NOTE - TFEMP =

3 MEANS EVERYTHING IS 0K«
410 TFEMP = 3

C FIND FIRST SEQUENCE TIME IN TIME INTERVAL.
e DO 500 I=1.LASTIM

C  TFINEWDAT{ILT Y GT.LSEQSAVIGD TU 490

T 500 CONTINUE
. NOTE -

IF{NEWDAT (141 ).LT 1000 ANNILSFEQOSAV.GT.G99000)490,500
490 IF{ITIMII }.GE.ISTART GO TO 510

IFEMP =

1 MEANS ALL OF TIMES IN RECORD ARE

E BEFORE THE START OF
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THE CURRENT TIME INTERVAL.
IFEMP = ]

RETURN FEOR A NEW RECORD:
RETURN

MTIMFIX = LASTIM+]- INSTRT
ILASTIM = LASTIM+1 '

= 510 INSTRT -51

Ca Bl

AT
L v
\r[EL

C FIND LAST SERUENCE TTME TN TIHE lﬁTFRUKI -
DO 600 I=1,MTIMFIX

|
1

AN TR

A

@

&=
Car .
KIZH it
[F(ITIM{ILASTIN-F).LE. TENDIGO TO 610 T
600 CONTTINUE T T T TR AT
C NOTE - NCODE = 3 MEANS THAT ALL SEQUENCE TIMES ARE BEYOND THE END TIME | A
c OF THE CURRENT TIME INTERVAL. THEREFORE, THE END HAS REEN 343
- T REACHED AWND THERE IS NO NEW DATA FOR PRDUESSINGS, }ﬂ
NCODE = 3
RETURN
e e e T TNEND = TCASTTMST
IF(ENEND.LT.LAST IMaOR, ETIMIINEND}.EQ TEND) 6204630
C NOTE - NCODE =
S

2 MEANS THAT THE END OF THE TIME INTERVAL HAS BEEN
DETECTED, BUT THERE 1S SUME NEW TATA FOR PROCESSTNG.
620 NCODE = 2 ’ -

RETURN

ST T TTTTTTTUNOTE -~ NCODE I MEANS THERE TS WEW DATE FOR ™ PRUCESSTING ANU THE END
C OF THE TIME INTERVAL

HAS NOT BEEN DETECTED.
630 NCODE = 1 :
T T T LSEOSAV = NEWDAT(I, INEND)
RETURN
END
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THE UPSTREAM ESCAFE
OF ENERGIZED SOLAR WIND
PROTONS FROM THE BOW SHOCK

by

Eugene W. Greenstadt

Space Sciences Department
TRW Systems Group
Redondo Beach, California 90278

ABSTRACT

Protons of energies up to 100 Kev have been consistently observed travel-
ing upwind from the bow shock in the solar wind. The conditions determined by
the geometry of escape are defined and the resulting restrictions on pitch
angles and total energies are computed. 1t Ts found that backstreaming protons
of observed total energies are compatible with typical angles of the upstream-
wave region boundary but that geometrical conditions alone do not select the
boundary angle. 1t is also found that the high energies of 30-100 Kev, the
100 Kev cutoff, and the pitch angles of 60°-90° reported recently by Lin, Meng,

and Anderson are compatible with the conditions imposed by escape geometry.
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INTRODUCT I ON

A constellation of field and particle precursors has been [dentified up-
stream from the earth's bow shock. Backstreaming 2-7 keV protons (Asbridge et

al., 1968; Scarf et al., 1970) and electrons (Anderson, 1969; Feldman et al.,

1973} have been ldentified directly, and an association between backstreaming
protons and electric and hydromagnetic precursor waves has been found emper -

cally (Scarf et al., 1971; Fredricks et 1., 1972) and explored theoretically

— —————— e —— —r——

(Fredricks et al., 1971; Barnes, 1970; Fredricks, 1974). In addition, the

coincident occurrence of hydromagnetic precursors, 'pulsation,' or relation,

shock structure, and quasi-parallel field orientation has been documented

(Greenstadt et al., 1970a; Greenstadt, 1972b), and it has been concluded that

—

the longest-period hydromagnetic precursors could not have propagated upstream
from the shock, but must have been generated upstream by some other agency

and swept downstream with the solar wind (Greenstadt et al., 1970b; Fairfield,
1969). Finally, it has been shown that protons reflected from the bow shock
should be accelerated by the interplanetary electric field, seen in the shock
frame, to energies comparable to those observed by plasma experiments
(Sonnerug, 1969) . Theserenergies correspond to particles traveling along B

at velocities comparable to the rate at which locally-excited hydromagnetic

precursor waves appear to progress upstream (Greenstadt et 1., 1970b).

Despite the seemingly tight logic by which the foregoing results might be
_taken to imply that quasi-parallel geometry, reflected particles, hydromagnetic
precursors, and relaxation shocks are all aspects of the same phenomenon, the

circle has never been closed experimentally: for example, no report has been
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published showing protons of the proper velocity component along B being observed
simultaneously with precursor waves progressing upstream at the same rate in the
appropriate magnetic geometry. Even statistical data on the energies of reflected
ions or the rates of precursor progression as functions of location of the point
of origin on the bow shock are unreported. Recently, some difficulty in con-
necting upstream waves with .particles has developed out of the systematic obser-
vation of backstreaming protons with parallel velocity components and tatal
energies much too high to be associated with the usual long-period upstream

waves (Lin et al., 1974). Thus, there is need for a fresh effort to examine

the relationship between reverse flowing protons, upstream waves, shock

Structure, and reflected-particle energization,

This report sets forth an initial attack on a fairly straightforward part
of the problem: To what extent does the geometry of individual particle motion
alone select among reflected particles those that can escape upstream and those

that cannot?

In the following paragraphs, the geometry of escape is described and some
simple numerical examples are worked out for a few special cases. It is found
that finite pitch angles are compatible with, and, indeed, necessary to produce
experimentally-observed particle energies for protons moving along B at typical
wave generation advance rates or, equivalently, for protons appearing upstream
on field lines making specified maximal angles with the local shock normal.

It is fqund that geometrical restrictions do not select particles with any
particular parallel speed and thus do not explain the observed upstream wave
cutoff at field-normal angles of about 50° and, consequently, do not single

out any particular group of particles responsible for upstream wave generation,



Page 3

Somewhat surprisingly, protons with rather high energies and pgtch angles can
escape the shock at only marginally quasi-parallel fleld orientations (i.e.,

ena x 50°), if they have quite moderate speeds parallel to B.

Frequent reference is made in the text, for purposes of example, to the
'"Wela-Explorer case.' By this is meant the only instance in which the upstream
wave progression rate has been measured at a specific location on the shock

(Greenstadt et al., 1970b).

THE GEOMETRY OF ESCAPE

Assumptions, fonventions, and Definitions

For simplicity, we place ourselves exclusively in the ecliptic plane so0
that we have an observation point on the ecliptic outside the shock. Soltar wind
velocity and field vectors !SW and §SW are assumed in the ecliptic, and we deal
with the shock locally only as a plane whose unit normal lies in the ecliptic.

It is convenient to work with dimensionless ratios and at the same time not un-
reasonable to suppose that reflected particle velocities are proportional to
the solar wind velocity, so we q1mensi0n all velocities and energies by reference

to VSN’ and adopt the convention that the projection u” of a reflected particle's

velocity on ESW is a product of some scalar p and sz, i.e., u“ = pvsw. Thermal
velocities can also be written as a fraction of sz, should they need to be
taken into account. If the particle also has a velocity HL perpendicular to st,

we shall set QL = PVSw and note that u” is the guiding center Ve]OCity'lﬂ_the

u
plasma frame and the particle has pitch angle o = arctan-UL = arctan P/p,

also in the plasma {solar wind) frame.

The left side of Figure 1 defines a set of quantities to be used in this

report. The curve represents the ecliptic intersection of the bow shock; n
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is the local normal at a point Tocated at angle BXR from the sun-earth line
(X-axis). The shock is taken to be symmetric about the X axis and is given
by Y2 = 331 [E%-?S.ZS)z- 368;]. This is a symmetrized version of Fairfield's
(1971) average shock used in ;; earlier paper (QCSEREEEEE’ 1872a). The right

panel of Figure 1 is a plot of eXn ii-eXR for the dawn side of the given

symmetric shock. It will be useful to refer to Figure 1 in reading the following
analysis.
-60 T T | T T I T T [ T
¥ ANGLE OF )
eJ(n (DEG)
- SHOCK NORMAL -
=30 b TO X(SE) —
NOON DAWN
0 1 1 | 1 1 l 1 i [ 1
0 =30 ~60 =90 OyR (DEG)
Figure 1

Negligible Pitch Angle

If a reflected proton travels in the ecliptic exactly along ESW’ then

P =20 and its velocity yr as measured by a satellite sensor in the bow shock's

~

frame is yr = pvswgsw + ysw = pvsw {cos BXB’ -sin eXB’O) + sz(-l,o,o)

]

- - i i i = 2 - -
sz(p cos BXB 1, =-p sin eXB’O)' lts energy ratio is Er/ESW p-+1-2p
COS.BXB' The numerical result for the Vela-Explorer case (Greenstadt et al.,

1970b) is Instructive: There, at the time the upstream wave advance rate was
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measured, eKB = 5825, Figure 2 shows Er/ESw as a function of p for this angle.
The value p = 1.6 found there would correspond to E'_/ESw = 1.8 if reflected
particles were responsible for the appearance of the waves. This is appreciably
lower than energy ratios of backstreaming protons measured by Vela (Asbridge
:i?.il" 1968) or furnished by equation (5) of Sonnerup (1969), which gives
Er/ESW = 3.25 when evaluated at ¢ = 5875, ¢ = 21%6, § = 1/2, u=v =0, In

the notation of this report, § = BXB’ $ = exh, Y- ¢ = enB'

14

12

10

O I

E/Esw

o
[

|

Figure 2

These comparisons suggest that P = 0 is a poor approximation to use.
The relative positions of shock and satellite in the dual satellite case and
the cases reported by Asbridge et al. are unknown, however, so direct com-
parison is impossible. Nevertheless, a simple geometric generalization con-

firms the indication that P # 0 if upstream waves and protons are tightly

bound to each other. Figure 3 displays Er/Esw for P = 0 at various positions
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along the ecliptic profile of the shock in the western hemisphere, at what,
judging by statistics of upstream wave and pulsation shock geometry, should

be an improbably high cutoff angle, 6 _ = 60°. Position on the shock is

nB
designated by eXR (see Figure 1). A high cutoff angle tilts the field toward
the antisolar direction, raising the total energy sensed by a sun-oriented
detector for particles travgling along ESW' We see in Figure 3 that not until
near the dawn meridian (GXR = -60°), and only with p 2 1.9, does Er/ESW equal
5 for enB = 60°. The morning measurements reported by Vela were taken at

5, which would be compatible with such

o

about this position and found Er/ESw
a combination, i.e., SXR X -60°, ene = 60°, p=1.9, P =0, but would be too
high for any p < 1.9, or enB < 60°. If we assume morning-afterncon symmetry
when backstreaming protons are detected in the afternoon quadrant, then one
of the Vela cases, at eXR = 53°, gave a value Er/Esw * 6.5 much too high

for enB < 60° or p £ 2.3. The limited statistic on p, which has been fairly
effective at correlating quasiparallel structure when p = 1.6, and the more
extensive statistic on upstream wave cutoff, which usually occurs at 40° <

enB < 50°, suggest that the observed reflected proton energies were above
those allowed by the calculation of Figure 3, and cannot have been produced
by particles traveling paralTel to gsw only. It would follow that P # O.

This suggestion is virtually certified by the recent work of Lin et al. {(1974)
describing backstreaming protons with high pitch angles and Er/Esw up to

100 Kev forward of the bow shock at enB =~ 45°. We shall return to this obser-

vation later.
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Figure 3

So far, we have simply rummaged in the available data for some empiri=-
cal support for what must anyway be an intuitively incontroversial notion:
reflected particles are unlikely to leave the shock exclusively at zero pitch
angle in the plasma frame. The general case, P # 0, can be developed, how-

ever, by building on the geometric foundation already set forth.

Finite Pitch Angle

HNew terms used in the following paragraphs are defined in Figure 4.
The ecliptic plane contains 5, !, E, EL, and N, and % is the usual ecliptic
pole. The solar wind impacts the shock at velocity !sw along -X. The insert
shows the common XYB?LF plane looking down in the direction of negative Z.
We are interested in a proton whose trajectory, given by the vector $ from
the origin, follows a spiral along B away from the shock, as depicted. Its

guiding center has speed u” = pvsw, and its Larmor radius is a. = HL/MC =

Psz/mc. We shall enhance the clarity of the ensuing discussion by treating
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the unshocked plasma as if at rest at zero temperature, so thé shock, moving
upward along n at speed sz cos exh, encounters protons at rest, some of
which are picked up by the shock, accelerated, and emitted, like our test
particle, at phase ¢ and time t = 0. These protons spiral up ESW with the

shock in pursuit. Phase angle ¢ is defined as 0 when u, is parallel to § ,

l.e., when the reflected proton escapes the shock at s(x,y,2) = (0,0,ac).

Y atlp——

Figure 4

We are interested in those protons that are not overtaken by the shock
after they begin their corkscrew journey away from it. These are the par-

ticles that will be detected far upstream and with which we continue to
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assume tHat upstream waves are associated. The condition for "free escape'
is S*n > Vet cos an for all t > 0. Note that a proton is most vulnerable
Lo recapture when it circles around to the "bottom' of its spiral the first
time (¢ + w.t = 2m), shown as point Q in Figure 4. It should be intuitive

that only some ratios P/p will permit free escape. It is less obvious that

phase ¢ at t = 0 strongly influences the acceptable range of P/p. |If Sn =

5*'n. the condition previously stated can be written Sn(t) - s (0) > Vg t cos 8, ,
which, when expanded, yields the inequality:

sin (wct+¢) - sin o

P sin Gn + {p cos BnB - cos 6, ) >0 . {1)

B Xn

w t
C

Combinations of p, P, and ¢ which satisfy this relation for all t define the
free escape particles. Actually, the above expression places a maximum limit
on P/p > 0 for each value of t, but since the inequality must be satisfied

for all t, there is a least such maximum limit for any given ¢.

NUMERICAL EXAMPLES

The Observed Case p = 1.6

To make the foregoing result more concrete, we turn again to the Vela-

Explorer dual satelljte example where BnB = 37°, 8, = 21°5, eXB = £8%5, and

Xn
p=1.6. Figure 5 shows a vector velocity diagram on a polar plot of P vs ¢
for these parameters. The length of each arrow indicates the greatest rela-
tive velocity P = HL/VSW a proton may have to escape the shock if |t emerges
at t = 0 at the phase position represented by the tail end of the arrow. In
the figure, we are looking backward along ESW at the projection of the proton's

Larmor circle on a plane perpendicular to st; arrows are placed at 30° phase

increments.
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24.8

Figure 5

The computation summarized in Figure 5 allows a wide range of possible
maximum P for arbitrary ¢. The outcome can be narrowed significantly, however,
by reasoning that a stationary proton, initially captured, according to
assumption, by the shock at relative normal speed sz cos eXn’ will enter
the shock layer at ¢ = 180° and emerge after one-half to one cyclofron orbit

at 0° £ ¢ < 90°. Subject to this argument, P would take on values up to about

2.7.
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The energy ratio of a reflected proton of finite pitch angle measured by
a directionally-sensitive detector, and its direction of arrival, will depend
on the phase ¢D of the spiralling particle at its instant of detection and on

the angle eXB the interplanetary field makes with the solar wind flow (along X):
= p 2 - ;
E/Ec, = P* + P2+ | 2 (p cos By + P cos ¢y sin GXB)'

tf ¢D is 0 when the proton is at the sunward extreme of its Larmor spiral, the
highest value of Er/ESW is achieved when ¢D = 7, and the lowest when ¢D = 0.
Figure 6 shows the behavior of the maximum and minimum of Er/ESH vs p for

¢D = T and 0, respectively, when P takes on its maximum values of 2.66 and

.8 at ¢ = 0° and 90°. The P = 0 result of Figure 2 is repeated as the dashed
curve, for comparison. Obviously, introduction of the 1imiting P value for
reflected protons raises appreciably the possible measured energy of escaping
particles over that permitted when P = 0, |In fact, at p = 1.6 there is no

difficulty in providing backstreaming protons of energy 6 kev or more (such

as those recorded by Vela) for ¢y =T, ¢ = 0°. One may interpolate visually

to appreciate that the same is true for a range of ¢D <m, ¢ > 0° as well.

The Subsolar Point

Another specialized case of considerably more general interest is illus-
trated in Figure 7. Here, the curves represent the maximal detectable energy
ratio Er/Esw (at ¢D = m) of protons reflected from the subsolar point of the
ShOCk.(exR =8, = 0) and traveling along Bg,y at the forward edge of the up-
stream particle (= wave?) region. Exit phases ¢ = 0 and 90°, with three pos-
sible cutoff angles enB for each phase, are shown. To clarify the interpre-
tation of Figure 7 by specific example, suppose a satellite-borne proton

detector is located in the ecliptic upstream from the bow shock, westward and
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PROB;ABLE RANGE OF REFLECTED PROTON ENERGIES AT JULY 66 OBS, PT.

14

12

E/Bsw

= \ T T T TTT T T T

Figure &

forward of the subsolar point, and the interplanetary field, which has been
perpendicular to the solar wind flow thereby cutting off all reflected par-
ticles, rotates suddenly to a stream angle of 50°, connecting the satellite

to the subsolar point. Then reflected protons barely emerging from the shock

at ¢ = 90° with u”/\lsw =p=1.6, after completing three-quarters of a cyclotron
rotation in the shock layer, will be permitted to arrive at the satellite with
total energies up to Er = 1.6 ESW‘ Alternatively, imagine the satellite

moving antisunward in the same upstream region and first encountering the
edge of the precursor zone when enB = 50°; at that point protons will be
detected with u = 1.6 Vo and E JE.. < 1.6, It is an assumption that an

accompanying magnetometer would first detect upstream waves at the same

time.
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Figure 7

High Energy {(30-70 KeV} Protons

Another example provides some interesting numbers. We refer to the
insert at the upper left of Figure 8. |Imagine a proton detector in the ecliptic
upstream on the morning side of the shock at the forward edge of the precursor
region (cjrc]ed point), and suppose that the field angle enB corresponding to
that boundary of the forward region is 40° to 50° at the subsolar point
(where the shock normal is parallel to the X axis). Then, for escape angles
¢ = 0° and 90° at the subsolar point, our formulas for P and Er/ESW give the
maximal energy ratios vs p shown in the curves In the main part of Figure 8.
The figure states, for example, that a proton can leave the subsolar shock at
¢ = 0°, travel along Bey at 4L0°® to the normal, with parallel component {guiding
center velocity) u“ = 3 sz, and escape upstream with energy as high as Er =

100 ES A bulk velocity of the solar wind corresponding to 1 Kev would imply

W'
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Er 100 Kev. Such an example would provide the high energy particles found

by Lin et al. (1974) without invoking any acceleration enroute. The shaded

region of Figure 8 denotes the width of the 30 to 100 Kev energy channel of

the Lin et al. experiment, for a 1 Kev solar wind. We see that, for p = §,

which was at the extreme of the distribution Lin et al. found, even a proton

barely escaping at ¢ = 90° with the field at 50° to the normal could have total

energy high enough to be recorded in their 30-100 Kev channel. The shapes and
ranges of the curves suggest that a preference for escape angle of inter-

mediate ¢ = 45° could easily explain both the consistency with which the 30-

100 Kev channel was occupied for moderate p and the apparent absence of protons

above 100 Kev even at high p.

PROBABLE MAXIMUM ENERGIES OF REFLECTED PROTOMNS FROM SUBSOLAR POINT

100

MAX,

E/Bow

10

Wt

N
[
F-%
(8.}

Figure 8
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DISCUSSION

The geometry of escape and the numerical examples described above demon-
strate that protons can leave the bow shock and travel upstream with aimost
arbitrary energy, given only the appropriate p, an, BnB, and ¢, and can
satisfy observation with very reascnable selection of values for these parame-
ters. However, we do not know the correct values of p or enB, even at the
subsolar point, or, in any event, do not know that we know, nor do we know

the acceleration mechanism,

The foregoing calculations regarding high energy protons cannot there-
fore be used as evidence that such particles are produced at the bow shock,
but only that, if produced, they'can escape upstream with the characteristics
already observed. The maximal energy ratio yielded at the subsolar point by
field is approximately 6.7 at 6.5 = 50° (setting his § = 1/2, u =y = 0).

In Figure 8, this would correspond, for ¢ = 90°, to p = 1.9 (square point)
and, incidentally, to P = 1.9. Clearly, if the interplanetary electric field
is all there is to work with and p is about as small at the subsolar point
as it is on the midmorning f]aﬁk, where p = 1.6, the protans of Lin et al.

cannot be explained without invoking some upstream energization process,

as those authors do.-

But consider the following: the entire preceding exposition has treated
only cold particles encountering the shock at relative speed sz and leaving
it with combinations of p, P, enB,¢ » etc. rendering them capable of perfect
escape. But what of those that don't satisfy the inequality (1)? Are they
all retained or recaptured by the shock? What happens, for instance, to a

proton that emerges, say, at ¢ = 60° with P = 2 when p = 1.6 (see Figure 5)7
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It seems reasonable that some particles will encounter the shock two or more
times, accelerating each time and compounding their total energy until it
reaches a high level. A proton of 30 Kev has observed velocity of only about

5.5 sz for a | Kev solar wind. This does not seem impossible to achieve by
multiple reflection when a double reflection may multiply the original rela-
tive velocity by, say a factor of 2.56 (= 1.6%), especially remembering the
character of quasi-parallel shocks with their large amplitude pulsations and
irregular boundaries. The question of whether energization by multiple re-
flection in quasi-parallel turbulent waves should be designated as a shock
process Or an upstream process may thus be only semantic., It is this author's
provisional belief that most if ndt all of the acceleration responsible for
the high energies detected by Lin et al. occurs close to the nominal shock

although some may be technically '"upstream.' The orily apparent difficulty

is providing the proper ratio of P/p = V5,5 = 2.3 for such reflected protons.

The provision of adequate P/p by the physics of shock reflection, the
introduction of finite temperature, and the representation of three-dimensional

reflection in the curved bow shock are left for future analysis.

CONCLUSION

The first-order calculations described in this report support three

conclusions:

1. The geometry of escape does not by itself select from all possible
backstreaming protons a particular group that would necessarily leave the

x 50°, i i = 1, .
shock at enB‘N 50°, i.e., with u“ 1.6 sz
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2. The geometry of escape does, haowever, permit backstreaming protons to
leave the shock at 40° % 8.5 T 60°, with 1.5 % uu/vsw < 2 and a wide range of

total energies comparable to those observed, i.e., 2% Er 2 10 keV.

3. The geometry of escape permits backstreaming protons of 30-100 keV
to leave the subsolar region of the shock at BnB = 50° with 2 € u”/vsw <5,

hence with large plitch angles.

IThe first two concluslons above Imply that the connection between upstream
particles and waves should be found In the selectivity of either the shock
acceleration process itself, the growth rate of the appropriate instability

in the solar wind, or the dispersion characteristics of the wavemode. We

close by noting that it seems intuitive that for a given enB, the larger

the shock radius of curvature, i.e., the less convex it Is locally, the more
likely a particle will undergo multiple reflection before free escape upstream.
Higher energies should therefore be expected for particles upstream from inter-
planetary shocks, and from Jupiter's bow shock than from the earth's. Such
particles have been observed (Armstrong et al., 1970; Simpson et al., 1974),
and the acceleration of protons to relativistic energies by multiple re-

flection in interplanetary shocks has been developed theoretically by Sarris

and Van Allen (1974).
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STRUCTURE OF THE TERRESTRIAL BOW SHOCK
Eugene W. Grgenstadt

Space Sclences Department
TRW Systems Group
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Redondo Beach, California 90278

ABSTRACT

An extensive examlnation of bow shock morphology has progressed to a
point where distinctions in shock structure, as sensed by a variety of diag-
nostics, can be correlated with M, B, and enB in the solar wind. Shock struc;
tures are now desl!gnated quasi-perpendicular or quasi-parallel, and laminar,
quasi=-laminar, quasi-turbulent, or turbulent, depending on the ambient parame-
ters set. For quas)-perpendicular geometry, electromagnetic turbulence, as
detected by magnetic sensors, increases with B, independent of M. Irregu-
larity of the shock transition layer and plasma wave nolse in the layer
increase with M, independent of B. For quasi-parallel geometry, the shock
layer broadens and breaks up, showlng strongly periodic components at the

lowest frequencies, limited levels of plasma wave noise, and marked precursor

effects. The parallel shock produces a hybrid average lon spectrum character-
istic of neither solar wind nbr magnetosheath. The shock is summarized as a

complex plasma system in the solar wind.
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INTRODUCT | ON

A persistent objective among researchers concerned with the solar wind-
magnetosphere interaction region has been to study the Tntricacies of col-
iisionless plasma shocks. Two interrelated questions are at the heart of

the issues ralsed by shock investigations:

1. What processes limit the steepening of the waves composing the
shock by dissipating flow energy, thus preventing the superposed
waves from forming a discontinuity of infinite amplitude?

2. What processes heat the streaming ions, giving them a jump in
temperature across the shock?

Answers to these questions are known not to be unique but to depend
on various qualities of the flowing plasma in which the shock forms. The
qualities most important to determination of shock processes are apparently
defined by combinations of three quantities: Alfvenic or magnetosonic mach
number HA or HMS’ ratio of fhermal to magnétic field energy B, and angle
enB between the shock normal and the magnetic field vector in the unshocked
plasma flow. The importance of these quantities is illustrated, for example,
by a property dependent on M: when M is ver§ low (Z 1), ion heatlng is
negligible and question 2 hardly arises, while when M is high (= 5), ion

heating s appreciable and indeed exceeds electron heating.
For reference, these quantities are defined here as follows: M, =

A

_ 2 2y 1/2 _ 2 .
VI/CAI’ My = V}/(CA] + Cgy )5, B = 8ﬂNik(Til + Tel)/B] , anB = arcos

(§]'5/|B]|), where C, and C. are Alfvenic and sonic velocities, N denotes
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density, n the shock normal, B the magnetic field, T and Te the ion and elec-

tron temperatures, and subscript | refers to the unshocked (upstream) plasma.

Isolation of the effects assocliated with each of these quantlties is
the first step in moving toward answers to the questions posed. This has
been achieved in pért in the laboratory, but always within certain inherent
experimental limitations, such as thé presence of chamber walls. The earth's
bow shock parameter separation is just now becoming a reality through the use
of high resolution data sampling and simultaneous measurements by two space-
craft and by groups.of related diagnostics. An extensive case by case study of
the bow shock based on isolation of the various parameters is in progress by
V. Formisano, C. T. Russell, F. L. Scarf, H. Neugebauer, and the present author.
This report synopsizes the early results of the investigation using data princi-
pally from OGO 5 and HEOS 1. The main result is successful isolation of shock
structures by parameter set and correlated diagnostic behavior. We shall first
modify the existing shock structural nomenclature to suit the results of space-
craft observations and to provide the terminology needed in the remainder of the
paper. We then display a few examples of shock morphology for a wide range of
plasma states, as seen with various diagnostics. UYe summarize by describing
the bow shock as a system in the solar wind, note its advantages as an object of

shock investigation, and close by listing a few aims of future study.
CLASS|FICATION AND NOMENCLATURE

Existing Classifications. The classification scheme for shock struc-

tures with which most workers are familiar arises out of laboratory experience

(Paul, 1971) and theoretical idealization (Tidman and Krall, 1971). There are

two main divisions for magnetlc¢ shocks, by which we mean those In which the
flowing plasma includes a magnetic field. These divisions are Perpendicular

and Oblique, as defined in Figure la. The Perpendicular is actually a narrowly-
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defined case In which enB is aimost exactly 90°. More precisely, the restriction

m

on this division Is that the complement of 0 . < arctan v- —— which means that
+

B must be within 123 of tangency to the shock isyrface.! The latter divislon,

Obiligue, Is intended to include every other BnB, with the possible exception
of the parallel shock when enB = 0°. The question marks designate the range

of 6 . essentlally unexplored.

ng
PARALLEL
PERPENDICULAR #—— OBLIQUE ——-»
v
90° +» 88.7° 4527272722 o

Figure la

Perpendicular Class. Most experimental work has dealt with perpendicu-

lar shocks, which are further subdivided into parameter ranges of B and M as
shown in Figure ib, Mc denotes a "'critical' mach number which is in turn de-
pendent on B. In low-f shocks the magnetic field dominates the internal

{thermal) disorder of the plasma. At low M, resistivity and/or dispersion

Timit shock steepening up to Mc, and the shock Has a thin ramp profile. Above

Mc resistivity and/or dispersion are inadequate, and an effective viscosity is
needed to provide additional dissipation. The shock then broadens, and reflected
lons form a foot ahead of the main shock ramp. The resistive critical value Mc =

*
A lTes roughly between 2.3 and 2.7, tending to decrease with rising 8. In

M
ultra high=p shocks, thermal disorder dominates the field, perpendicularity be-
comes moot, and the structural distinction between subcritical and supercritical
shocks loses identity probably because of the reduction of Mc to very low values

between 1.0 and 2.0 (see reference to Figure lc below). A usefu)l experimenter's

review has been given by Paul (1963).
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PERPENDICULAR SUBDIVISION

SUBCRITICAL 1.0 < M< Mc

LOW g B << ]

SUPERCRITICAL Mc < M

HIGH g g > 1

Figure 1b

Oblique Class. Experimental work with oblique shocks (Robson, 1969)

has been confined almost entirely to the range 45° S enB £ 90°, a limitation
important to the revised classification with which this paper will be con-
cerned. |In general, oblique shocks preserve the subcritical/supercritical
subdivision of perpendicular shocks insofar as resistive/viscous dissipation

is concerned, but add to the structure a large amplitude, damped whistler wave
standing upstream from the main ramp at low M and downstream at high M while
losing the supercritical ''foot" of reflected ions. The fons presumably escape
upstream along the field. Another feature of oblique shocks is an additional
dependence of MC on BnB as we]l as on R. A typical dependence has been computed

from theory by Drummond and Robson (1969) and is displayed for a few parameter

combinations in Figure 1c. The shaded section of the figure denotes the values

of 8 . incompletely studied in the laboratory. The figure shows that MC, in

nB
* . . . . .

this case HA’ diminishes with decreasing BnB and increasing B until the parameter

distinction between subcritical and supercritical structure almost vanishes for

*
parallel shocks with B 2 1, where M, is close to 1.0, the minimal M for having

any shock at all. In other words, at the extreme lower right of the panel wvir-

tually all structures cught to be supercritical with respect to M:, with
viscosity as the necessary dissipation mechanism taking over when resistivity

no longer suffices. Dispersion can also limit shock steepening for M > M;,
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however, with viscosity not taking over until a higher critical value is
reached. The elevation of Mc by dispersion is indicated for cold plasma

(B=0) at 90° and 45° by the arrows at the left of the lower panel. The result
of this elevation is to widen the ''subcritical' range of M, making observa-
tion of low-M shocks easier. Wave breaking occurs at a still higher critical

number.

CRITICAL MACH NO. M, vs 8 AND 0,

*

Figure lc

The relationships depicted in Figure lc seem to be in falr agreement with
laboratory observation for 88° 2 enB Z 45°, Although the remaining range of
enB has been extended to about 30° at high B experimentally {Robson, 1969),

it is more accessible and actually common, in the earth's bow shock.

Revised Classification. The chart of Figure 2 introduces the classifi-

cation and nomenclature that will be used in this report. There are still two
main divisions in this scheme. Together, they encompass the very wide range
of B B hitherto called "obligue'' plus two extreme classes, perpendicular and

parallel, defined as before. These last two are simply special cases observed
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much less frequently in space than the others. The two principal divisions,
quasi~perpendicular and quasi-parallel, memorialize the empirically—determiﬁed
distinction in magnetic structure that depends on whether the upstream field
in the unshocked plasma is greater or less than about 45°. Physically, the
division probably separates those cases in which the upstream fleld prohibits
or permits the shock to communicate its presence to the oncoming plasma with
sufficient energy to "preoscillate' the field, 'prescatter' the approaching
ions and, by feedback of these effects, modify its own structure through wave

amp)ification (McKenzie and Westphal, 1968) or other process. Note that the

“"quasiparallel' class covers just the range of enB unfamiliar in the labora-
tory and corresponds to the ''pulsation’ shocks described by Greenstadt et al.

{1970); 1ts observational range of identification has been almost entirely

the contribution of satellite measurements.

PERPENDICULAR QUASI-PERPENDIC ULAR QUASI-PARALLEL PARALLE.
< Oo_ - n°
enB ~ 90° OnB > 40°-60° enB < 40°-40° enB =0
QUASI TURBULENT
fec ) Bl | M <Mc“““~iM>Mc
LAMINAR | TURBULENT

: ; z 1
M+M> Me g <c1 —+ 8

QUASI-LAMINAR

Figure 2
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Each of the maln classes may be subdivided according to various combi-
natlons of B and M. The subdivisions are shown in the éhart under the quasi-
perpendicular heading. Cold plasma at subcrftlcal mach number is represented
by the laminar designation at the left, hot plasma at supercritical mach num-
ber is represented by the turbulent designation at right. The upper and
lower subclasses define two routes from simplicity to complexity of shock
structure. One, called quasi-laminar, results when a cold solar wind flows
supercritically; the second, called quasi-turbulent, results when a hot solar
wind flows suberitically. Criticality is used here as a general term without
specification of what kind. Spacecraft results so far make a distinction
only of Mc less than or greater than about 3.0. The transitions in form are
assumed to be smooth as far as B is concerned, there being no critical value

of this guantity,

The scheme of the figure is a blend of abservation and speculation, as
not all designated categories bhave been observed in detail. |t is anticipated
from the MC-B-GnB dependence of Figure lc that the subdivisions should become
increasingly indistinct or inapplicable in progressing from perpendicular to
paralle]l geometry. Certainly they should be increasingly difficult to record
as the range of suberitical M shrinks. Up to now, results have been consistent
with anticipation in that the guasi-perpendicular category has provided the
most complete documentation. In the sequel, it should be remembered that the
chart of Figure 2 does not exhaust the ways in which shock morphology can be
described. For example, the shock does communicate upstream for some angles
BnB 2 45° by reflecting electrons rather than protons, creating a region of
small amplitude upstream waves of frequency about 1 Hz. Also, ratios Te/Ti
or Nu/N may be important in differentiating certain shock structures. The

possibility of overlapping classification schemes should be kept in mind.
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BOW SHOCK MORPHOLOGY

Quasi-Perpendicular Structures. Figure 3 displays four multidiagnostic

profiles of the quasi-perpendicular bow shock according to the scheme of
Figure 2, but with specific values Hc =3, B = .1 defining the subclasses at

the center. These values follow the empirical divisions of Fermisano and

Hedgecock (1973p) . We shall see that suitable plasma diagnostics follow

these divisions. The left and top examples were obtained at 1.15 sec/sample,
the botton and right examples at .14l sec/sample. All are from observations
by OGO 5 instruments, with upstream parameters checked against HEOS measure-

ments, and free-stream magnetosonic mach number used throughout.

The laminar shock at left is magneticafly monotonic and virtually free

of macroscoplc and microscopic turbulence. One cycle of a very small wave,
probably a standing whistler, is visible just at the foot of the ramp. The
uncal ibrated output of the Lockheed light ion spectrometer, below the field
profile, shows the presence of thermalized protons in the sheath behind the
trailing edge of the ramp. Next below, the 560 Hz channel of the TRW plasma
wave detector registers electrostatic noise up to a few millivolts/meter in
the ramp and just outside in the small standing wave. Below the plasma wave
panel, four channels of the x-axis of the JPL/UCLA search coil, uncalibrated,
show 2 region of magnetic ncise up to about 100 Hz centered on the midramp

of the shock.

When B and M are both elevated above their "laminar'' values, the mono-
tonic nature of the ramp disappears, a clear foot develops, and macroscopic
turbulence is evident both ahead of and behind the principal leading gradient.
All of these features are apparent at the right of Figure 3. Also, in con-

trast to the laminar profile, the turbulent shock at right shows numerous

bursts of electromagnetic noise at fregquencies up to and including 1 kHz,
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with higher activity in various channels upstream and downstream. The symbol

X10 indicates that the search coil data were recorded at 10 times higher
sensitivity than where the symbol is absent. This noise was also present
deeper in the magnetosheath. In this case, the plasma {electric) wave noise

in the 560 Hz channel reaches about 50 millivolt/meter. The Lockheed

spectrometer records the scattering of protons behind the outermost irrever-

sible field gradient,
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If 8 is raised, but M remains tow (subcritical), the macrostructure of
the shock remains largely indistinguishable from that of the laminar case.

The quasi-turbulent example at top center shows a monotonic ramp and perhaps

a modest increase in fluctuation level just behind the ramp. The other diag-
nostics applied to the‘quasi~turbulent case reveal a distinction from the

laminar shock not apparent in the magnetic field profile. Electromagnetic

noise occurs at higher frequencies and amplitudes (X10) than in the laminar case,
even up to 1 kHz, and is not confined to the ramp, but remains Intense downhstream
in the sheath. Electrostatic noise does not reach above | mv/m in this case.

The electric wave frequency sampled, 7 kHz, is not the best frequency with which
to observe the shock with this diagnostic, but the electrostatic profile is re-
presentative, anyway; such low noise levels are typical of quasi-turbulent shocks
observed in any of the lower frequency channels. Proton thermalization occurs

at the rear of the ramp, as in the laminar case.

We Took finally at the quasi-laminar example,_gﬁ the bottom center,

which illustrates the result of the mach number rising above 3 while B re-
mains low. The ramp remains monotonic but the waves created in obllique shocks
by dispersion in the p]asma appear downstream. The magnetic noise occurs

only in and around the ramp, as In the laminar case, but intense plasma wave
noise up to tens of millivolts per meter appear, as in the turbulent struc-

ture. Particle data were unavallable in this case.

The foregoiﬁg examples illustrate the dependence of shock structure inter-
pretation on the diagnostic employed and the interleaving of similarities and

differences among the various subclasses. Magnetic noise, always present up to

the local ion plasma frequency, is confined to the immediate neighborhood of the
shock ramp in taminar and quasi-laminar cases, but persists in the sheath in

quasi-turbulent and turbulent cases. Plasma wave noise, also always present in
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the ramp, remains below a few millivoits per meter in laminar and quasi-turbulent
shocks, but rises an order of magnitude higher in quasi-laminar and turbuleﬁt

shocks.

The physical meaning of these distinctions is ctarified te some Jegree by
consulting another Hfagnostic. Pos t-shock ion spectra in the magnetosheath
were not available from 0G0 5, but a statistical study of HEOS data by .
Formisano at al (1973) revealed that downstream proton spectra were Maxwellian
when M ~ 3. while they had a high energy tail when M 2 3. !n detailed studies
of particle behavior inside the shock transition, Montgomery EE.EL {1970) and

Formisano and Hedgecock (1973a) have shown that double-peaked distributions

appear within the turbulent shock structure, the second peak occurring above
the solar wind bulk velocity at about 2-4 sz' The change in proton distribution
through the early part of the shock reported by Montgomery et al (1970) is shown

in Figure 4a. The double distributions of Formisano and Hedgecock (1373a) are

shown {n Flgure 4b in relation to the simultaneously-measured magnetjc field

shock profile. The field indicated a shock encounter in which the shock retreated
from the satellite (HEOS) before it was fully crossed. The solar wind spectrum at
the left was obtained a few minutes before the shock was engaged; the two bimodal

spectra are positioned approximately at the times they were recorded.

]OnZO -
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The bimodal distribution immediately suggests the presence of bulk velocity
protons reflected by the shock and energized by the interplanetary electric field
through the process described by Sonnerup (1969). Counterstreaming protons are
central to the idea that viscosity takes over to limit shock steepening above
MC where resistivity becomes [nadequate. The bimodal distribution, together
with the electron heating known to develop early in the ramp (5225229551_53
al., 1970; Neugébauer et al., 1971), which in turn elevates Te/Tp, provides
a medium favorable to plasma instability, possibly leading to a subshock,
finally resulting .in high postshock proton temperature, characterized by a

non-Maxwellian energy distribution with a high energy tail.

These flindings round out the distinctions among the subclasses and their
likely physical bases. Quasi-laminar and turbuient shocks are supercritical,
in some sense, are characterized by high levels of electrostatic and electro-

magnetic activity, probably assoclated with a viscous subshock. Downstream



Page 13

the bimodal distribution of the shock is smoothed to form a visibly-skewed

jon spectrum. Laminar and quasi-turbulent shocks are subcritical, lack the
conditions presumed to be associated with a subshock, especially high electro-
static nolse, are limited by anomaious resistivity and dispersion only, and
produce cool ion spectra downstream, with relatively little detectable
deviation from Maxwellian distributions. The persistent magnetic noise of

the quasi-turbulent shock is a feature consistently associated with its high

thermal noise level and high-8 plasma upstream.

Observe that in no quasi-perpendicular case are any regular, undamped,
long period upstream waves present, but that very small fluctuations at
about 1 Hz are visible ahead of the shock In three examples, those of 1, 7,

and 14 February.

Quasi-Parallel Structures. The quasi-parallel structures collected so

far have included no quasi-turbulent case. Figure 5 is therefore deficient

in this subclass. Also, chance has produced only one transient laminar case.
Nevertheless the laminar example at the left of the figure illustrates clearly,
by comparlson with Figure 4, the upstream activity produced by even borderline
quasi-parallel BnB x hé°. The monotonicity of the magnetic ramp has been des-
troyed, as In the irregular tﬁrbulent, quasi~perpendicular cases, but with an
important difference: the precursor waves forward of the final average field
elevation of 0640:30 are of appreciable amplitude and show the strong near-
periodicity, in this case T = 20 sec, often observed far upstream on field
lines connected to the shock (Fairfield, 1969). The regularity of the field
in the sheath before 0640 UT appears to have been associated with a quasi-

perpendicular upstream fleld orientation which became quasi-parallel at 1640.

The quasi-laminar example at bottom center of Figure 5 is formally on

the borderline between quasi-laminar and turbulent as far as B is concerned,
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but since B-determined changes are continuous anyway, it has been placed byr
virtue of its diagnostic combination in the quasi-laminar category. The
alternation between large amplitude 'pulsations' and upstream waves typical
of quasi-parallel structures (Greenstadt et al., 1870) is evident in the
figure. Observe that this example was recorded at the low resolution 1.15
sec/sample rate. The section shown is 28 minutes long in contrast to the
minute-and-a-half view of the "irregular" turbulent shock of Figure 4. More-
over, this example is of a relatively subdued section taken near the solar
wind end of a structure that was observed for over an hour by two satellites,
one more than an earth radius behind the other. It is quite likely that this

is actually an example of a parallel shock within the accuracy of estimation

of enB.
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A shock that is definitely quasi-parallel and definitely turbulent is
shown in the last example at the right In considerably greater detail. Here,
at .l14k4 sec/sample, we see the total absence of any regularity in what appears
to be the shock at 0248:40. We also see both short and long period waves up-
stream, the Iattér'having peak-to-peak amplitudes equal to the average field
level. Bursts of damped waves aﬁpear at the Jeading edges of the longer-period

upstream waves.

The other diagnostics displayed for the quasi-parallel shocks are in-
formative. The figure shows the same format of electrostatic, electromagnetic,
and proton scatter data used earlier. The irregularity of the magnetic profiles
Is clearly shared by the other measurements, but one phenomenon is particularly
striking: intense electrostatic noise is absent just where it is notable in
quasi-perpendicular shocks, namely in quasi-laminar and turbulent cases.
Magnetic noise, as detected by the search coil, occurs at high amplitude only In
the turbulent case. The expanded diagnostic picture of the guasi-parallel,
turbulent shock emphatically confirms the observation that high electrostatic
noise levels are absent in quasi-parallel structures. To complete the picture,
we recall that the statistical anaiysis by Formisano et al. (1973a) gave only
Maxwellian distributions in the sheath when upstream waves were detected,

under presumably quasi-parallel geometry, regardiess of M or B.

14 February 1969. Further examination of the essentially parallel shock

of 14 February provides some evidence of conditions in a well-developed pulsation
region. Figure 6 shows an overal! view of the shock as seen concurrently by
both HEOS 1 and 0G0 5 magnetometers, when the satellites occupied the relative

position seen in the figure at the top. The extremely active shock structure,
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which colnelded wlth lp = 1 conditions (Greenstadt, 1972a), as shown in the small
Inserts above the field profiles, was at least 1 Re thic':k° The figure incf~
dentally demonstrates the difficulty of obtaining rellable upstream plasma
parameters for the parallel shock, even with two spacecraft. Plasma data ob-
tained by 0G0 5 before and after the large field excursions yielded B and M

associated with either the quasi-laminar or the turbulent subclass.
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A detail of the magnetic field behavior at 0G0 obtained in the center of
the pulsation structure at 1.15 sec/sample is shown in ngure 7. Above the‘
sample are shown three contrasting ion spectra taken from HEQS 1 data. The
solar wind spectrum was averaged from several distributions upstream from the
shock. The magnetosheath spectrum is an average composite of several such dis-
tributions collected downstream from the shock before the quasi-parallel struc~
ture was encountered. The pulsation spectrum Is the average of all distri-
butions recorded while HEQOS was in the pulsation structure. This spectrum clearly
shows the plasma energy peak at the bulk energy of the solar wind but with a
lower maximum and a broadened, hotter distribution. It appears, then, that the
ions were severely scattered but the flow was not visibly retarded by the
large amplitude magnetic waves of the parallel structure. This structure there-
fore offers some ambiguity as to whether it existed "upstream" or "downstream'
of the ''shock'': it was thermally downstream, but dynamically upstream as far

as slowing the bulk flow was concerned.
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The foregoing result suggests the qualitative inference that to the
extent that quasi-parallel structure may be regarded as upstream from some
eventual average field and velocity jump, the plasma parameters delivered to
the jump could be significantly different from those nalvely computed far up-
stream In the unaffected solar wind, and could put the shock In a different

subclass, or in even more than one subclass simultaneously.

Venus Bow Shock. The character of Mariner 5's encounter with the Venus

interaction region was interpreted earlier as consistent wlth the quasi-
perpendicular/quasi-parallel division discussed here (Greenstadt, 1970). The
fresh results from Mariner 10's recent flyby of Venus reconfirm this interpre-
tation and the applicability of earth-derived shock analyses to neighboring
planets. The characteristics associated with a thick, well~developed quasi-
parallel shock, probably turbulent, are evident on early examination of the

data (Ness et al., 1974), and the experimenters point out that such an inter-

pretation is compatible with the average stream angle field direction in the
ectiptic in the morning quadrant, discernible before a time gap in their
Figure 4, and with the position of the Mariner crossing near the dawn meridian.
It Is also consistent with the quietude of the field after the time gap, when
the field had apparently changed to the afternoon quadrant, preventing the
familiar precursor region from reaching the spacecraft. It will be important,
in further analysis, however, to bear in mind that the recorded structure
could signify an Qltra-high-B electrostatic shock, if the plasma temperature

proves to have been very high,.

DISCUSSION

Communication with the Solar Wind. The foregoing remark about an antici-

pated precursor region at Venus serves as a reminder that a planetary bow shock

in particular the earth's, is not an isolated, self-contained phenomenon
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affecting only a tight region around the magnetosphere through which an insig-
nificant tube of solar wind flux passes. From a space researcher's viewpoint,
the bow shock must be regarded as the principal entity inside a large volume
of solar wind with which it communicates. Downstream, the shock sends a
heated, decelerated, and deflected solar wind it has prepared to flow around
the magnetosphere. The field In this magnetosheath flow carries significant
information from the shock. lts direction with respect to the magnetospheric
field at the magnetopause may differ from what it had been upstream and may
initiate or cancel a substorm by virtue of Its refracted orijentation. Large
amplitude oscillations associated with quasi-parallel structure may reach the
magnetopause and stimulate the magnetosphere, setting up resonant oscillations
detectable at the surface as micropulsations. A mode! for such an excitation
has been proposed by Greenstadt (1972b) and appears to be consistent with ob-

servation (Bolshakova and Troitskaya, 1968; Nourry and Watanabe, 1973). Up-

stream, the shock radiates waves and reflects protons and electrons of con-
siderable enrgy (Asbrldge et al., 1968; Feldman et al., 1973; Lin et al.,
1974), which in turn stimulate upstream waves that forewarn the solar wind

of the obstacle in its path. The tow-frequency upstream wave region mapped
out statistically by Fairfield (1963) is well known, and a plasma wave region
has also been described (Fredricks et al., 1972). The Intimate, apparentiy
I=for-1 association of long period upstream waves with what we here designate
as quasi-parallel structure, has been documented by Greenstadt et al. (1970),

and related by statistical inference to Maxwellian ion distributions down-

stream by Formisanc et al. (1973).

— —

The Bow Shock System. Figure & synopsizes the key elements of what

should be regarded as the bow shock system. The shock itself is divided
’broadly into quasi-parallel and quasi-perpendicular regions, shown here in an

ecliptic view for a nominal 45° stream angle. The precursor region is di-
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vided into two parts. An advance region of electron precursors consists of
reflected electrons, plasma waves at the local electron plasma or upper
hybrid frequency (generally in the 15-30 kHz range, Fredricks et al., 1972),
accompanying magnetic waves in the same range, and very possibly small

amplitude waves around 1 Hz, at least close to the shock. A less extensive

region of proton precursors consists of reflected protons of energies up to

as much as 100 keV, low frequency waves of tens of seconds period in a space-
craft frame, and the features of the electron precursor region as well, The
formula at the top gives the means of estimating the forward boundaries of
the two precursor regions, shown as dashed lines in the figure. In the
equation, p represents the speed, as a multiple of sz, with which the ap-
proprlate reflected particle moves upstream along the field while the field
Is carried downwind. The angles indlcated here, 83° and 49°, were obtained
by setting P, = 1.6, a value found by the author to work well for predict-
fng long period upstream waves and quasi-parallel structures, and p_ = 10,

a value roughly compatible, for a 400-Km/sec solar wind, with the 4000 Km/sec
{~ 10 sz) electron velocity cited in a report on reflected electrons by
Feldman et al. (1973). Actually, both electrons and protons are reflected
with a spectrum of velocities. Electrons, in particular, are hot and not

well represented by a single velocity.

The Insert at the bottom synopsizes qualitatively the empirical behavior
of electric and magnetic noise In the quasi-perpendicular shock as functions
of M and B. When both parameters are low, both noise levels are low and the
shock is clearly laminar (L); when M rises above about 3 but B remains very
low, the electric noise increases dramatically; the shock Is quasi-laminar

(QL). In the opposite case, when M remains low but B approaches 1, the mag-
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netic nolse increases in a more or less continuous fashion; the shock becomes
quasi-turbuient (QT). When ¥ and B are both high, the shock is turbulent (1);
it Is electrostatically and magnetically hoisy and the sheath is magneti-

cally noisy.

Wihen similar parameter divisions are applied to the quasi-parallel
structure, the shock is found to be low in electrostatic noise regardless
of B or M, although the magnetic nolse seems to rlise with B as in quasi-

perpendicular shocks.

CONCLUS |ON

The new data from which examples of bow shock structure were drawn for
this report will be described in detail and discussed in greater depth in a
series of papers.ncw'being prepared by the researchers named earlier. The
overall result will be to bring the study of collisionliess plasma shocks
by means of spacecraft techniques up to and, in some respects, ahead of the
prevailing level of laboratory and theoretical investigation. This paper
is concluded therefore by outlining a few of the remaining goals to be pur-
sued in seeking improved understanding of processes in the bow shock. These

are:

1. Precise separation of structures differentiated by refined defi-
nitions of critical mach number.

2. ldentification of the mechanisms responsible for the bimodal
proton distribution, the viscous subshock, and thermalization
of the ions.

3. Exact identification of the processes responsible for generation
of the proton precursor waves.

L. Determination of the means by which reflected particles are ener-
gized and released upstream and the proportions in which they are
divided into reflected and transmitted subspectra.

5. Differentiation of the roles of particle reflection, wave ampli-
fication, and wave breaking in the development of quasi-parallel
structures.
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Anyone interested in plasma processes can enlarge this list. The important
point, however, Is that none of the objectives listed seems impossible to
achleve even with existing spacecraft data, and all should be reached when the

HMD satellites go into operation.
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ABSTRACT

The earth's bow shock was observed several times at high resclution on
12 February 69 by an array of 0GO 5 field and plasma instruments under unusual
circumstances; The field was at large angle to the local shock normal, the
solar wind parameters M and B were both low enough to ensure laminar shock
structures, upstream parameters were verified by complementary measurements
by HEOS 1, and approximate shock velocities were available by virtue of
'elapsed time observations obtained with the two satellites. It was found
that the low M($ 2.5) and B{<< 1) and high BnB(2 65°) produced oblique, laminar
shock profiles as expected from theory, with marginal or vanishing upstream
standing whistlers probably damped by drift or other plasma wave instability.
The whistler mode appeared to dominate the electromagnetic spectrum. The
laminar shock ramp thickness was several hundred kilometers and equal to
2-4 c/wpi. Composition of the shock as an accumulation of near-standing waves
and an evidently reproducible varying flux pattern was discernible. Electron
thermalization occcurred early in, or just before, the magnetic ramp, while
proton thermalization occurred iate in the ramp. Instantaneous shock veloci-
ties derived from the standing whistler wavelength were consistent with average
velocities derived from the elapsed-time estimates and were as high as 200 Km/

5¢cC.
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INTRODUCTION

One of the major applications of the study of particles and fields in
space Is to the physics of collisionless plasmas in general, and to collisionless
shocks in particular. Shock phenomena are difficult to scale in the labora-
tory and notoriously complex to represent in theory. A principal reason for
their theoretical complexity is the number of iIndependent parameters that can
affect shock structure and shock disslpation processes. The contribution of
.sateilite measurements to the experimental study of collisionless shocks lies
in the opportunity to obtain repeated, high resolution observations of the
earth's bow shock, which is constantly available for examination, for a wide

range of instantaneous parameter sets,

Naturally, the most advantageous use of satellite data is in illuminating
shock structures under complicated conditions least accessible to laboratory
and theoretical attacks. However, spacecraft shock observations are not with-
out their limitations too, the most blatant of which is the need for simul-
taneous measurements by at least two vehicles, one of which must define the
parameter set under investigation through measurement upstream in the con-
tinuousiy~changing solar wind. A second, not much less serious, limitation
is the need for reliable estimates of bow shock veloclities, for the shock is
seldom stationary in the spacecraft frame, and without its velocity, its
dimensions may not be correctly inferred, especially when complex structure
prevails. A third }imitation lles in the difficulty of finding comprehensive

plasma instrumentation on a single spacecraft.

In view of these restrictions, it is not inappropriate to seek first a

comprehensive characterization of the bow shock in its simplest phases, which
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are already fair]y well understood theoretically, for cases where all or most
of these iimitations can be overcome. We regard this as a necessary step to
more advanced analysis of the bow shock under conditions where fresh ground
will have to be broken. In this report we therefore describe several obser-
vations of the bow shock in a single day, 12 February 1969, when the important
parameters M and B were very low for many hours’ and enB was oblique, but made
a large angle with the local shock normal. The parameter combination M < 3,
‘B << 1 corresponds to the so-called '"laminar'' shock in which '"fields and
particle distributions change coherently through the shock,' as discussed by

Tidman and Krall {1971), i.e., large scale turbulence is absent and small

scale microturbulence, if it exists, ''does not destroy the ordered appearance

of the transition layer.'

Geometrically, we describe the situation of our shocks as ''quasi-
perpendicular,' meaning numerically that 50° N enB < 88°, where enB is the
angle between solar wind field B and the local shock normal. The term quasi-~
perpendicular is used to designate that range of oblique enB in which the shock

retains its essentially monotonic character and is readily identifiable in the

data (Greenstadt et al., 1970; Fairfield, 1974; Greenstadt, 1974).

— ——

We def};e M as the magnetosonic mach number M = MMS = sz cos exn/
2 2 _ 2 .
(CA + Cg ) , and B = 8ﬁNk(Tp+Te)/B , where sz and B are the solar wind
speed and magnetic Tnduction, an is. the assumed angle between sz and local

shack normal n (X is the solar ecliptic X-axis), Cp and CS are the Alfvenic

and sonic velocities, N js the plasma density, and Tp and Te are the
proton and electron temperatures of the solar wind. We assume, since electron

temperatures were not measured, that Te = 1.5 x 10°°K. For the cases to be

described here, B varied between .035 and .23, but remained below .1 in all
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but one instance. Under these circumstances, MMS is essentially identical to

the Alfven mach number MA’ since Cs << CA. In our cases, MA < 2.4,

This communication, then, gives the first detailed picture of the bow
shock in what should be its simplest, laminar form. The shock crossings we
display were the first for which velocities were estimated directly by elapsed
time observations of shock motion between two satellites (Greenstadt et al.,
_1972), and therefore the first for which direct estimates of shock thickness
could be made. We have assembled a comprehensive, although still imperfect,
set of plasma diagnostics in order to discern the various stages of plasma
alteration through the shock and the wave nolse that accompanied them. In the
following sections, we describe the data, calling attention to numerous details,
some of which may assume additional importance in future analyses of laminar or
other shocks, and we discuss some of the most significant characteristics of
the wave structure in and around the shock transition layer. We include an
analysis of the whistler precursor that leadg to an independent confirmation
of the elapsed-time velocities, and introduce thereby a new technique for

computing instantanecus shock velocity when upstream standing waves are detected.
"MEASUREMENTS

The data shown here were obtained by the TRW plasma wave detector of 0GO 5,
the triaxial fluxgate magnetometers of 0GO 5 (UCLA) and HEQOS 1 (Imperial College),
and the JPL plasma analyzer, Lockheed light ion spectrometer, University of
London Langmuir probe, and UCLA/JPL search coils of 0G0 5. The 0G0 5 instru-
ments provided the high resolution records of the shock at sampling intervals
of 1.15 and .144 sec/sample, corresponding to | and B kilobit/sec telemetry

rates.
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The field and particle instrumentation of 0GO § and HEQOS 1 that provided
data for this report are described by Bonetti et al. (1969), Hedgecock (1970},

Crook et al. (1969), Snare and Benjamin (1966), Harris and Sharp {(1969), and

Neugebauer {1970). 1In using data from the University of London Langmuir Probe,

we rely here only on relative changes in the raw signature of its energy sweep.

Magnetic fleld measurements are direct veétor recordings of ambient induc-
tion, with the HE0S-1 data used to adjust the absolute bias levels of the 0GO-5
rreadings, the latter having been subject to Intermittent spacecraft interfer-
ence. Plasma wave measurements were generally represented by the field strength
in a broadband channel covering the range 1 to 22 kHz, with most of the shock
noise probably contributed by signals between a few hundred Hz and 2 kHz. The
broadband channel was sampled for 1.15 sec every 9.216 sec, and the wave am-
plitude level is given in terms of the wideband electric field strength for a
broad noise spectrum. Electromagnetic wave noise is represented by the equiva-
lent level of white noise over the bandwidth of each channel of the UCLA/JPL

search coils. The JPL plasma analyzer provided plasma flux readings and upstream

velocity and density parameters In the solar wind. These quantities were lost
once OGO entered the shock because the analyzer looked only in a fixed direction
toward the sun. Proton thermalization and diversion of solar wind protons in

directions away from that of normal flow were detected by the Lockheed spec-

trometer, after the shock was entered, since this instrument looked only in

a direction across the solar wind stream. Electron behavior was monitored by
noting the slope of the electron distribution reglstered by the London probe,
in which & high energy component appeared when electrons were thermalized
(scattered) by the shock process. These last two measurements are represented

here by relative changes in uncalibrated telemetry units.
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Measurement imprecision contributed partially to the uncertainties of
numbers quoted in this communication. Raw measurements of individual magnetic
field components were accurate to 0.5y (5 x 10-6 gauss) or better, and fleld
angles based on them to 5° or less. VLF electric field strengths were mea-
sured to within a factor of two because the wideband output of only one of
the triaxial electric antennas was monitored. -Another source of uncertainty
of numbers quoted here lay in the separations of the various satellites from

_each other in space and in the uncontrolied constitution of the solar wind.

it has been assumed that the solar wind was not perfectly uniform over the

distances between 0G0 5 and the other spacecraft and that what near-uniformity

there was, was not instantaneous. The ranges of some parameter values given in

the next section reflect uncertainties arising from the unkhown degree of non-
uniformity in the solar wind and from delays of up to 15 or 20 minutes between
0G0 5 and the other spacecraft. The chief uncertainties were contributed by
solar wind density and magnetic field variability. Ranges of magnetic field
direction mean that the field was varying in orientation on a scale comparable
to the expected intersatellite delay. |t must be remembered throughout this
report that neither the aberration nor the instantaneous angles of solar wind
flow were taken into account ih any computation, so that all quantities de-
pendent on direction of the shock normal or the flow contain uncertainties of
up to several degrees. |t was decided that comparable, unrecoverable uncertain-
ties in the shock-normal model and inherent in temporal field variation would
have vitiated the "accuracy' implied by fncorporating average flow direction

in estimates of instantaneous guantities.

in addition to the data illustrated in this report, plasma and magnetic

field parameters for the unshocked solar wind were obtained from plasma analy-
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zers on HEOS 1 (Univ. of Rome) and Explorer 33 (MIT) and from the magnetometer

of Explorer 35 {NASA/ARC) .

OBSERVATIONS

General. The center panel of Figure 1 displays the magnitude of ambient
B recorded for 20 hours by HEOS 1| and 0G0 5. Low values are for the solar
wind, high values for the magnetosheath. HEQOS was the more distant of the
two, so as the shock moved outward and inward past the two spacecraft, HEOS
was always in the solar wind outside the magnetosheath when the shock crossed
0G0. The crossings numbered 1 through 4 are those for which average shock

velocities were obtained in an earlier study {Greenstadt et al., 1972).

In the central panel, the HEQS field data are represented by 48-second
samples, the OGO data by l1-minute averages. In the five separate panels sur-
rounding the central one, the 0G0 data are represented by 1.15-sec samples.

In the top four inserts, the step-like, almest noise-free appearance of the
shock in the averages and at the 4B8-sec sample interval is seen to have been
preserved at resolution 48 times higher than that of the HEQS graph at center.
There are small differences between the first shock signature and the other
three, namely in the presence or absence of upstream waves. These differences
will be discussed Tater. The bottom panel in Figure 1 shows the pair of cros-
sings 7 and 8, which were no longer strictly laminar, but turbulent and, in
the case of crossing 8, perhaps multigradient as well. The shock front of
crossing 7 was as sharp as those of the esariier crossings, but there was a

small foot ahead of it and appreciable noise behind it. The change may have
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been caused by a rise in B or In the mach number closer to the critical value,
which is assumed to have been between 2.5 and 3.0. A sudden rotation of the
interplanetary field toward the shock normal at 1750 was responsible for the
additional complexity of crossing 8. These last two shock observations of

the day serve to show the extreme simplicity of the earlier laminar shock pro-

files chosen for this study.

Dimensions. The upper half of Table 1 1lists the salient quantities per-

- taining to the dimensions and local geometry of shock crossings 1 through &.
Measured dimensions are at the left, derived theoretical quantities at the
right of the vertical division. Ramp thickness AS is the product Vgsﬂt, where
At is the observed rise time of the ramp and Vgs is the average velocity of
nérmal shock motion between 0G0 and HEOS positions in the spacecraft frame:
positive indicates outward, negative inward, shock motion. VSH is the velocity

of the shock relative to the solar wind velocity component along the shock normal.

Angle BnB is the angle between solar wind field vector BSw and the local normal
to the assumed rotationally~symmetric hyperbolic bow shock surface at 060 5.
The right-hand columns give MA’ proton inertial length c/mpi, and the ratio

of AS to this last quantity. The inertial length was computed from HEDS |

and Explorer 33 plasma data and HEOS ) magnetometer data; the ranges of C/wpi

express uncertainties in n. .

The ramp thickness could also be related to the cyclotron radius of the
bulk flow component across the field in the shock. However, the cyclotron
radius was of the same order as c/wpi in the cases described here, so no
useful distinction could be made by displaying it separately, and we have

chosen to compare AS with c/u_\pi only.
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In the enB column, the table shows that at crossing 1, Bgy was 25° away
from the perpendicular orientation, while at crossing 4, it was very close to
perpendicular. In all but the third case, the ramp thickness was a small
multiple of c/wpi, as llsted. The third case is included for completeness,
but we do not regard its listed ve]ocity'vgs as reliable for reasons discussed

below; hence, quantities derived from USS are not useful,

Details at High Resolution. Further details of the laminar shock were

resolved In observations at a still higher sampling rate. Figure 2 displays
the pair of crossings numbered 5 and 6, which were observed when 0G0 § was
operating at its 8-kilobit telemetry rate. The magnitude and the three compon=
ents of the magnetic field in spacecraft coordinates are shown. Magnetic field
samples were .l4%4-sec apart, which was adequate to provide some 67 measurement
points in the ramp alone in case 6. The two shock profiles are very similar,
there being only two significant distinctions between them, namely, that at

the second shock a set of tiny waves is visible in the foot and some wavelike
steps are more pronounced in the ramp. ({In the following discussion the term
"waves'' is used to describe ultra low frequency electromagnetic noise measured
by the magnetometer; the terms ''plasma waves' or “eléctric field waves' are
used to describe electromagnetic or electrostatic oscillations measured in
various channels by the plasma wave electric field antenna.) The magnitude

and all components are equally 'laminar." Each of the two shock signatures
exhibits a "plume" consisting of five distinct waves, or pulses, at the top

of fts main field jump, seen in B, and its principal component, By, and each

has a '"dome'' of average field higher than was found a few tens of seconds
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further downstream The domes seem to have been about one-and-a-half to two
times the duration of the plumes. The waves of the plumes were evidently sta-
tionary in the respective shock frames, so they were propagating upstream in

the solar wind plasma at 300 to 400 Km/sec.

The time-dimensions of the high-resolution shocks of Figure 2 are char-
acterized in the figure by three quantities: first, the duration of the ramp,
defined as the time between the first point at which the field rises above the
leve]l of small preshock maxima and the last point af which the field is below
the level of small postshock minima; second, the duration of the plume; third
the sum of ramp and plume. |In Table 1, At denotes the duration of the ramp.
This quantity was chosen as the only common quantity reasonably identifiable
in shocks 1 through 4, where plumes would not have been resolvable, as well
as in 5 and 6. Thus the At entered for shocks 1 through & in Table 1 is not
the time from base to peak, but is the interval from the beginning of the
steep field gradient to the level of the post-gradient minima, going in the

direction from solar wind to magnetosheath.

The period of the average pulse in the plume at 1325 was ).26 sec; the
period of the average puise in the plume at 1355 was 1.03 sec. The sums of
ramp and plume duration were 10.3 seconds in both cases. The 'steps' in the
1355 ramp were 1 to 1.5 seconds long, and the small oscillations in the foot
averaged .4 sec. |If we take the period of the average step in the ramp and
pu}ée in the plume to be 1.2 sec, the ratios of durations of: foot wave to
plume (or ramp) wave to ramp to total structure (ramp and plume) are 1/3/13/25
for the 1355 UT shock. Thus, the total structure from the base of the gradient
to the end of distinguishable individual waves (the sheath end of the plume)

appeared to be composed of some eight or nine waves or steps of a little over
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I-second perfod each, half of them in the ramp and half in the plume; this was
preceded by a precursor comprised of a few cycles of a damped standing wave
(to be discussed later) and an eight-sec train of very small amplitude oscil-
lations of about .4 sec average period. The small oscillations in the foot
are close to the digitization level of the instrument, and form a somewhat
irregular pattern in which groups of waves less than 0.lk4-sec period were

just resolved in the raw data.

As the center panel of Figure 1 shows, there was a gap in HEQOS data
when the shock crossings of hour 13 (Figure 2) were observed by 0G0. Conse-
guently no average shock velocities could be determined for these events, so
translation of periods and durations into thicknesses and wavelengths could
not be made directly. However, we note that the ramp duration of case 4 is
comparable to that of cases 5 and 6 and we reason as follows: the correct con-
version of times to distances actually requires not an average shock velocity
but an instantaneous velocity at the moment of crossing. Of the four measured
average velocities, the last one, at 1628, is the closest to a true instant-
aneous veloclity because the elapsed time from which it was calculated was the
shortest of the four, leaving the least margin for discrepancy between average
and instantaneous speeds. Also, an instantaneocus velocity of some 100 Km/sec
has been determined independently for the shock's crossing of HEOS at about

1627 UT as it was on its way toward 0GO {Formisano et al., 1973).

if the structure of the laminar shock is assumed to have been essentially
the same for crossings 4, 5, 6, and 7, then the ramp thickness for crossings
5 and 6 should have been about 2-3 c/wpi. This value is indicated in paren-
thesis in the last column in the lower half of Table 1. From this multiple of

Cfmpi’ Inferred values of AS, hypothetical VSH’ VSS’ and MA were calculated for
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cases 5, 6, and 7. These are also indicated by parentheses in Table 1. Based
on the above argument that short elapsed times should reduce discrepancies be-
tween average and instantaneous shock speeds, cases | and 2 have good approxi-
mations to true instantaneous velocity, although not as good as case 4, while
case 3's estimate is poor, which is why it was discounted in an earlier remark.
The derived velocities for cases 5, 6, and 7 are therefore compatible with

those of the most reliable of the first four cases of the table.

We recognize that enB was hot the same in case 4 as it was in cases 5
and 6, and that our thickness estimate could be affected. Appreciable broad-
ening of the shock ramp may have occurred with decreasing BnB' If . significant -
thickening had occurred, 400 Km would be an underestimate for AS in cases §
and 6. Doubling AS, for example, would in turn raise the inferred VSH in
case § to 200 Km/sec, a speed at or above a statistical extreme found by
Formisano et al. (1973). Substantial thickening was therefore not ruled out,
and will be supported in a later section (Table 2}. Very large A4S, for 73° <
B . < B0®, would, however, have been incompatible with the value of AS found

nB

for case 2.

Shock broadening by field obliguity did clearly take effect when Bn
fel!l in the range 65°-70°. An example is illustrated by case 1. Figure 3
shows a comparison of the field and plasma wave profiles of crossings 1 and 3.
At crossing 3, the shock encounter was sudden and the plasma wave noise con-
sisted of a well defined noise peak at the field gradient; at crossing 1, a
set of waves had developed ahead of the shock and the region of plasma wave
noise was broadened to coincide with the waves, probably indicating preshock
electron thermalization or reflection. The electric field noise appeared to

increase with increasing wave amplitude as the main gradient was approached.
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Still Further Detafls: Plasma Modifications in the Shock. The laminar

structure and high resolution of the 1325-1355 shock crossings combined to
offer an unusually uncluttered picture of the sequence of plasma changes
across the shock gradient. These changes are shown in Figure 4. At the bot-
tom, the field magnitude graph of Figure 3 is repeated for reference, with

the range of estimated C/mpi thicknesses noted. Above the field is the plasma
flux profile from the JPL Faraday Cup. Recall that this analyzer maintained a
. fixed view toward the sun; absence of flux Inside the magnetosheath signifies
deflection of flow outside the acceptance angle of the instrument, as at left
and right edges, respectively, in the figure. We shall discuss the sequence
of events in Figure 4 always from solar wind to magnetosheath, regardless

of the actual order of observation. In the left panel, the flux underwent
some small fluctuations as the shock was approached, then began a series of
major oscillations just as the ramp started, and finally reappeared at a very
low level behind the shock (the instrument was turned off at the top of the
ramp and beginning of the plume}. In the right panel, the same sequence was
repeated with two exceptions: there appears to have been a gradual decline

in average flux in the foot just outside the ramp, and the flux never entirely
disappeared behind the ramp. The pattern of major oscillations was evidently
a fixed characteristic of the laminar shock structﬁre, as the numbered maxima
and minima in the two panels elucidate. The first minimum in each case oc-
curred before, and highest maximum after, midramp. Examination of plasma
spectra indicates that the bulk solar wind velocity was still essentially
unaffected at the time of the highest maximum, so thls peak represents a
density increase in the sheathside half of the shock ramp. The preramp, or

early ramp, decrease in flux, on the other hand, was the result of a change
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in flow directlon. The segquence of observable flux events In the laminar
shock, then; was early deflection of flow, strong variations in density,.and
essentially unreduced bulk velocity through most of the field ramp unti)

the flow was redlrected and the flux so diminished at the head of the ramp
that plasma parameters could no longer be determined. The density variations

Included a rise to a density above that of the.unshocked solar wind.

The third and fourth graphs from the bottom of Figure 4 illustrate the
relative thermal behavior of solar wind electrons and protons, in uncalibrated
telemetry units. In both panels magnetosheath electron spectra are clearly
distinguishable from solar wind electron spectra by their rather flat distribu-~
tion when the Langmuir probe sweep analyzed the higher electron energies {right-
hand side of each sample curve}. The shaded portions of the electron retarda-
tion curves indicate the difference between those spectra and the unaffected
solar wind distribution measured upstream several minutes outside the shock.
The electron measurements of both panels show that slight changes in electron
energy distribution occurred outside the shock ahead of the ramp. The right
panel shows that significant enhancement at high energy took place in the

first half pf the ramp; the left panel shows that fufl thermalization had not
occurred by the end of the ramp and beginning of the plume; the right panel
shows that full thermalization did occur by the end of the plume. Electron ac-

celeration on the upstream side of the shock has previously been observed by

Montgomery et al. (1970) and by Neugébauer et al. (1971) in their study of five

non-laminar oblique shocks.

The Lockheed tight ion spectrometer peers in a direction not aligned with
the sun and is therefore a detector of thermalization and flow deflection,

sensing only the protons that move in directions across the orlginal direction
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of flow. For brevity, we shall designate appearances of particles in this in-
strument as ''heating" or "thermalization.'' The left panel, then, shows that
by midramp no proton thermalization whatever was apparent; the right panel
shows that some proton heating could have occurred after midramp; both panels
show that the protons were deflected and/or thermalized by midplume. There is
an ambiguity Between the panels in properly associating proton heating with
the flux pattern, but it appears that initial déflections of the ions occurred

In conjunction with the high density spike or its forward edge.

Above the proton graph, the fifth and sixth strips depict the electric
field noise recorded by the TRW plasma wave detector {PWD). The PWD, which
¢cycled through its frequency channels at a relatively slow pace, was not in
any of the more favorable channels (< 3 kHz; Fredricks et al., 1970) during
either crossing in Figure 4, as the fifth strip shows. Nevertheless, it is
evident that sporadic elevated noise levels, even at 7 and 14 kHz, accompanied
the shock ramp. In particular, a well-defined spike of 7 kHz noise was re-
corded at midramp simultaneously with the forward edge of the major density

elevation In the left panel, and a noise jump at 14 kHz was detected at the

analogous point of the right panel

The subcommutated PWD data in the sixth strip are somewhat more informa-
tive. We see that in both panels the 200 Hz channel recorded increases in
noise level outside the ramp where the electrons were already affected by the |
presence of the shock, and that the. 200 Hz noise was considerably elevated where
parfia] thermalization of the electrons was taking place, both early and late,
in the ramp. Nolise Tn this channel persisted longer behind the shock in the
right than in the left panel. There is no obvious association of electrostatic
noise with proton effects, but this could have been easily missed with the PWD's
incomplete frequency-time coverage. Special purpose, i.e., wideband, PWD data

were hot recorded on 12 February.
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Electromagnetic Noise. The crossings of cases 5 and 6, as wltnessed by

one axis of the 0G0 5 search coils, are shown in Figure 5, with the field mag-
nitude profile repeated at the bottom for reference. Individual channel center-
frequencies are identified in the vertical center column, between the two
panels. In this figure, the very small-amplitude, damped standing waves barely
discernible in front of the shock have been marked by a dottec curve near the
bottom, just above the plot of B. These will be discussed further in a later

"paragraph.

We see that EM wave noise began upstream from the ramp (in one or more
of the five lowest frequency channels) concurrently with the appearance of the
tiny, standing waves ahead of the shock, and continued through the ramp. This
upstream nolse had an upper frequency cutoff somewhere between 216 and 467 Hz:
this is the range in which the electron cyclotron frequency, fce = 252 Hz, fell
at that time. We take it that the upstream data represent whistler mode noise
arising In the shock and propagating at angles less than 60° to B, since the
high frequency whistler cutoff is already reduced to 216 Hz and 100 Hz for pro-
pagation at 30° and 60° to B, respectively. Along th; shock normal, i.e., at
75°, the cutoff was only 62 Hz. The small standing waves were simply the ap-
propriate component of the whisf]er spectrum, at about 1 to 2 Hz, matching the
solar wind velocity along the local normal. The steps in the ramp and the
waves of the plume may then have been whistlers just below the standing wave

frequency, or with decreasing dw/dk as discussed by Tidman and Krall {1971,

p 22).

Another perspective of the search coil data, in physical units, helps

to clarify the EM noise behavior. Figure 6(a) shows a three-dimensional repre-
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sentation of the history of one-axis magnetic wave power spectra through the shock
crossing of 1355, Selected spectra, constructed from the seven-channel data of
Figure 5 are shown on a common time scale with a sampled version of the field mag-
nitude plotted obliquely on an arbitrary baseline. The entire array of spectra

is 38.6 seconds long, with adjacent spectra .69 sec apart. Some spectra were
omitted where they essentially duplicated those adjacent to them. The small
circles designate the 100 Hz channels of the spectra as a guide to the eye in
‘following wave behavior between Fce cos BnB and fce. Conversion to physical

units of spectral density was based on assumed white noise across each frequency

channel bandwidth.

As the figure shows, field noise grew rapidly just as, but definitely before,
the shock ramp was approached, and decayed again rapidly behind the ramp. The
pattern of 100 Hz noise illustrates well the generation of whistlers in the for-
ward edge of the shock ramp, their bropagation upstream along B, and their
rapid damping in the solar wind. The 100 Hz noise reached its peak power at
the foot of the ramp, suggesting propagation along the shock or, more probably,
along B, which is only 15° from the tangent. The {b) insert at the lower right
of the figure details the 216 and 467 Hz noise patterns through the ramp. The
216 Hz noise, just below the upétream whistler cutoff at fce = 252 Hz, appears
within what must have been the 307 cone of propagation for that frequency.
Moreover, the whistlers must have been severely damped along B, or they would
have reached the detector earlier, Having traveled laterally from a more dis-
tant point on the shock. The 467 Hz noise, which could not have propagated in
any direction in the solar wind, peaked in the ramp behind the 216 Hz peak,

only after the elevation in B raised the electron cyclotron frequency.
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To summarize, we may imagine two typical ''antenna patterns' of whistler
mode waves propagating from the shock preferentially along B, one pattern ahead_
of the forward edge of the shock ramp, the other behind it. As the shock ap-
proached the satellite, the search coils moved through the various phase velocity
""layers' of the upstream pattern, each frequency channel being affected as it
entered the corresponding propagation cone, at ?ce cos §. Behind the ramp, the
satellite moved through the second pattern in reverse order, but with elevated
'fce affecting channels of higher frequency. The mode was effectively damped
both upstream and downstream in distances on the order of the ramp thickness.
Toward the rear of the ramp, changes in n, B, and T evidently allowed higher

frequencies up to and above 1 kHz to propagate.

The Upstream Waves of Crossing 1. Simple geometrical properties of the

standing waves tan be obtained. As the 0G0 5 panel in the center of Figure !
shows, crossing number 1 into the sheath was immediately proceeded by a cros-
sing out of the sheath. The two crossings were very similar to one another

in profile, with one the reverse of the ofher. The field components spanning
the two crossings are shown in Figure 7, in rectangulgr spacecraft coordinates,
in which the X-Y plane approximates the shock plane. The mean interplanetary
field, measured by HEOS and Expforer 35, was very steady, except for a slight
shift in direction, seen just before the 0049 crossing in the X and Y com-
ponents of the 0G0 5 data. Angle eBn was = 74° at the time of crossing;

before the shift, about half a minute earlier, it was 64°-66° (Table 1}.

Outstanding features of these crossings were the damped wavetrains ap-
pearing both times In the solar wind ahead of the shock. There are about six
identifiable cycles associated with each crossing, the first set averaging about

8 seconds per cycle, the second about 11.5 sec per cycle. The appearance of
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the waves certainly suggests that they were standing in the shock frame. The
ratios of ramp duration to average wave period are .9 and 1.] in the two cases,
so the wavetrain precursor seems to have been moving with the shock. No elapsed
time velocity estimate is available for the first set, but the 55 Km/sec

found for the 0049 crossing (Table 1) gives an average wavelength A of 630 Km,

In Figure 7, the wave perturbation lies in the X-Y plane, i.e., in a
plane approximately parallel to the local shock surface. The polarizatiaon
diagrams for the two wave sets are shown at the top of Figure B; the senses
of rotation of the two sets are opposite in the spacecraft frame. The sketch
at the bottom of Figure 8 depicts the common standing wave perturbation in
three dimensions relative to the local shock. The wave is polarized in the
sense of a whistler propagating along the outward normal. Since it is standing

in the shock frame, its phase velocity in the solar wind plasma is some 470 Km/

sec.
DISCUSSION
The details of the laminar shock described above can be used to make some
quantitative tests for consistency of the measurements with theory. Ideally,

one would like to have high resolution proton and electron spectra through the
shock transition layer, inc¢luding the ramp, to define completely the'behavior
of the particles. Particle data of such fine resolution were unavailable,
however, so our discussion is confined to some selected items involving wave
behavior. Since whistler mode waves played a large role in these laminar

shocks, we concentrated on these.

Standing Waves. The oblique (not necessarily laminar) shock in the

laboratory and in theory is typically depicted as having a damped, standing
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whistler precursor at both subcritical and supercritical mach numbers, with
the last preshock cycle often of amplitude comparable to that of the final shock

gradient {Robson, 1969; Tidman and Krall, 1971). Yet of the seven shock pro-

files shown In this paper, only three, the pair in Figure 7 (including case
number 1) and.nUQber 7 of Figure 1, show any clear wavelike oscillations In
the foot of the shock, and those are of small amplitude. Only one demonstrable
standing wave occurred, in case 1, if we regard the prior crossing of 0045
(Figure 6) as simply another view of the.same shoék under the same conditions
at essentially the same time. A barely-discernible example, of very small
amplitude, was associated with the crossing pair of Figure 5. Thus, it ap-
pears that stationary whistler precursors are rare for quasi-perpendicular,
laminar shocks and do not appear or barely appear when eBn 2 70° (case 7 may
not even have been laminar). Examination of other laminar crossings at high
bit rates, not shown here, support thls Inference. We note that a sequence of
non-laminar shocks with a particularly long whistler precursor studied by

Holzer et al. {1972) revealed no waves which were phase-standing in the solar

wind flow.

The marginal appearance of upstream standing precursors in these laminar
shocks is explalnable. A stationary whistler precursor must satisfy the follow-
ing conditions to exist: 1) Its phase velocity must equal the solar wind velocity;
2) its group velocity must exceed the solar wind velocity; 3) it must be stable
at finite amplitude. When we use thé term velocity, we always mean the compon-
ent of velocity along the local shock normal. Whistler phase velocities depend
on B, N, and enB, and typically exceed the solar wind velocity for a range of

frequencies, as depicted by Smith et al., 1967; and Scarf et al., 1968. Their

examples for average condlitions were essentially similar to the solid curves of

Figure 9, in which are plotted the whistler phase velocity dependences for the
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conditions that prevailed for our cases 1 and L. The pairs of curves take into
account the possible ranges of phase velocities Vqb allowed by the limit over which
N and enB might have occcurred within measurement uncertajnties. For each case the
applicable velocity vs frequency curve lay somewhere between the extremes. The

rather than f = f_ , as

high frequency cutoff in each case is at f/fCe = Cos enB ce

in parallel p}opagation (where cos B g~ 1). The frequencies at which whistlers
would stand along the shock normal occur where the phase velocity curves cross
the corresponding shock velocity lines USH' There are two such crossings for
each curve that has V¢ > VSH’ but we have noted only the lower frequency cros-
sing in each case. The circles near the apex of the curves mark the frequencies
below which the group velocities Vg exceed the phase velocities; these critical
frequencies are located at f/fce = %—cos enB' Hence, V¢ = Vg < Vg only at the

lower standing frequencies, where applicable. The algebraic relations underiy-

ing Figure 8 are outlined in Appendix 1.

The message of Figure 3 is that in case 1, whistlers can propagate up-
stream for a wide range of frequencies and will be stationary for some value

f between 1.9 x 10_3

f and 5 x 10-3 f , while in case 4, values of N and

ce ce

enB may have prevailed for which V¢ < VSH for all frequencies, with no standing
wave possible. Since case 1 (together with its companion in Figure 7) wa3 the
only one in which a significant standing wave was observed, the phase (and

group) velocity criterion seems to explain the difference between the case I

and 4 profiles.

'n all the remaining cases except case 7, the phase velocity curves were
similar to those of case 1. Case 7 was similar to case 4. Standing wave pre=
cursors should therefore have been the rule rather than the exception on the
basis that, at some frequency, V¢ = VSH < Ug in five out of seven observations.

However, favorable Velocity considerations do not by themselves guarantee the

existence of waves of measurable amplitude nor do they provide any guidance as
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to what upstream amplitudes should be. Waves of finite amplitude present finite
field gradients to the upstream solar wind flow and can therefore cause finite
currents large enough to generate their own signatures in the plasma, i.e.,
currents associated with field gradients tend to generate plasma instabilities

which may in turn damp the waves.

The general criterion for development of instability is that the drift
velocity responsible for the current exceed the plasma thermal velocity W
The threshold value at which VD 2 Wy is proportional to the product of AB/B

/2

and either B—] or B-] , depending on the scale length involved. A convenient
tabulation of several instability modes related to the bow shock has been as-

sembled, together with suitable references, by Greenstadt and Fredricks (1973),
1/2

who show that on the c/mpi scale, instabilities arise when AB/B 2 AR , where

A s a ctonstant depending on the mode invoked. The key fact is that low B is

conducive to mic¢roinstability growth for a given AB/B, and B; << .1 on 12 February

1969. The drift instability, for example, requires AB/B 2 Bi]/z

1/2
i

on the c/mpi

= .1, so that at the time of case 2,

scale length (A = t). For Bi = .01, B
a wave with AB > 1B = .1{(9) = .9 ¥ would have been sufficient to trigger this
mode. Formisano et al. (1971} have given values of B. = .002 to .00k earty on
the 12th, so the drift mode requirement may have been satisfied even by tiny
waves of amplitude = .5 y. Certainly, where small standing waves of | to 2 vy
amplitude did appear, in case |, they were accompanied by doppler-shifted
plasma wave noise of unknown frequeney recorded in the broadband channel
(Figure 3). In non]amina} cases of high B examined by the authors, profiles

with at least one large amplitude wave outside the shock have been noted.
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In sum: in four cases, 2, 3, 4, and 6, where phase and group velocity
considerations would In principal have permitted upstream standing whistler
waves, the dispersive wavelength could have been less than the dissipative
Scaje length and waves could have been damped by easily triggered plasma
instabilities; in three cases, |, 4, and 7, where the dispersive wavelength
may have exceeded the dissipative scale length, only one, case I, occurred
when upstream whistler propagation was unambiguously permitted, and in that
one case, only small waves appeared, which were accompanied by plasma wave
noise possibly generated by the waves themselves in a condition of extremely
Tow Bi' The present observational profiles of low mach number shocks with
no standing precursors and considerable magnetic noise is substantially simi-

lar to the results of the AYCO laboratory experiment (Pugh and Patrick, 1967;

Patrick and Pugh, 1969), which also obtained thicknesses of (2-4) c/wpi.

Velocity Estimates from Standing Wavelength. Since in oblique shocks,

the standing whistler wavelength must necessarily be related to the shock ve-
locity as well as to the ambient plasma parameters, it is possible to use the
wavelength, Ld’ to estimate the local, instantaneous shock velocity VSS in
the plasma frame. The procedure for doing so is descfibed in Appendix 2. We
have applied equation (4) of Appendix 2 to three cases in which standing waves
were in evidence, case | (0049 UT), and cases 5 and 6 (1325, 1355 UT). The
outline of the small waves ahead of the shock in cases 5 and 6 was indicated
in Figure 5.

The results of estimating VSS f rom Ld are shown in Table 2, along with
some useful data for comparison. The first five'co]umns of the table give the

case number, time, estimated average standing wave period Twa in the space-

ve

craft frame, density N, and velocity VSS in the spacecraft frame. Equation (4}

{Appendix 2) was evaluated for the extremes of the density range, N = 1 and 2.
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The equation is capable, of course, of yielding up to four real solutions, but
only for N = 2 In case 5 did It actually do so. Only real solutions of rea-
sonable magnitude are shown in the table. In case 5, density N = 1 gave no
reaj solution at all. The sixth column of Table 2 repeats V;S from Table 1.
In case 1, the solution VSS for N =1 is very close to V;s, glving remarkably
good agreement between the instantaneous and average velocities, estimated by
entirely Independent methods. 1t will be recalled that the crossings of cases
5 and 6 were not observed by both spacecraft, so USS (Table 1) had to be ap-
proximated in an indirect way, assuming ramp thickness as a suitable multiple

of c/wpi (parentheses in the table). Nevertheless, in case 6, the lower end

of the range of estimated V;S is very close to VSS' In case 5, the instantan-

eous and average velocities are not in agreement numerically, but the higher

Instantaneous speed is consistent with the higher estimated range of average speed.

The next two columns give the wave~derived shock ramp thickness ASW =

VSSAt, computed from VSS’

C/mpi' The earlier inference that shock thickness is a small multiple of

the ramp time of Table 1, and the ratio of ASW to

c/mpi is supported, although it appears that a range of 2-4 or 2-5 would be
better for 1’35/c/wp.i than 2-3. The last two columns of the table display Ld =

and the ratio AS/Twa , showing AS 2 Twa s 1.e., the ramp length is

vSSTwave ve ve

on the order of the dispersive length or a little longer. |t would follow
that the dissipative length for the electrons cught to be less than, or about

equél to, Twa , and the wave noise (Figures 3, 5) and electron heating pro-

ve

files (Figure 4) are compatible with such an inference.

The bottom entry in Table 2 shows the thickness and dispersion lengths

for case 4, for comparison with the cases just discussed. This case had the
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most reliable average velocity. Ratio .L\.S/c/wpi is reasonably compatible with
the others, but AS/Ld is appreciably larger and perhaps even very much larger
than jn the other cases. Here, Ld was computed from expression (1) of
Appendix 2, since no upstream waves were visible. The high values of AS/Ld
are precisely what would be expected for the absence of detectable waves and
the nearly perpendicular enB: the standing wavetrain was swallowed up by the

ramp because the wavelength exceeded the dissipation length.

lon Acoustic Waves. An argument was given in an earlier paragraph that

upstream whistlers were damped by wavemodes easily excited at low . The
drift instability was selected as an example of a suitable mode, but the ion
acoustic mode might also have been chosen. We therefore show separately here
that this mode was highly improbable, using the dimensions estimated in this

report.

The condition for generation of ijon acoustic noise is that the electron

drift velocity Vd % AB/ZﬁSuoNe (mks units) exceed the sound speed Wy =
)]/2

(kTe/mi in the ramp, where AB is the jump in B over distance AS. In our

case 1 (0049 UT), we take AB = 17 y (Figure 3), AS = 660 Km (Table 2) at N

a2

1, and we assume Te’ which tends to be largely constant in the solar wind,

1.5 x 10°°K. The measured value of T, was about 6 x 10°°K. Then Vd/WT x
.0B/35 << 1. which falls far short of the threshold for generation of ion
noise. This value, based on an assumed Te in the solar wind, is undoubtedly
too high in the ramp, because the early preferential heating of electrons
(Figure &) would have raised Te and Wy there, thus lowering Vd/wT. Although
our value of Te was only assumed, it is highly improbabl; that Vd/wT >1,
since this would require Te to have been less than ('%%} x 1.5 x 105 = .78°K,

according to the expressions above. |t therefore seems certain that fon

acoustic noise was not responsible for the plasma waves surrounding the shock
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in cases 1 and 3 (Flgure 3}, 5 and 6 (Figure L), and the other laminar cases,
not [llustrated, where similar electric oscillations occurred. This improba-
bility does not necessarily mean the drift instability was a contributor to
the noise. More sophisticated apparatus, or perhaps further analysis, will

be needed to distinguish the correct wavemode.
CONCLUSION

The structure of the earth's bow shock for low B; low M upwind plasma
conditions in local quasi-perpendicular geometry when 65° < enB < 88° is
indeed laminar in the sense that macroscopic turbulence is absent from the
magnetic field profile and particle thermalizations evidently occur in an
orderly way. The electrons are heated first over a relatively broad region
including both precursor and ramp, and the protons are heated in a relatively
narrow region somewhere between the middle and end of the magnetic ramp. The
shock magnetic profile is 2-4 c/mpi thick and corresponds well to the form
expected from laboratory and theoretical results for oblique shocks at low B8,

where upstream standing whistlers are heavily damped.

Whistler waves propagating within their frequency-dependent phase-velocity
cones around B are a significant constituent of the electromagnetic spectrum in
the shock and Its precursor up to the local electron cyclotren frequency. Indeed
the precursor itself Is simply the whistler whose phase velocity equals the

“normal component of solar wind velocity in the shock frame. The shock (mag-
netié) ramp itself appears to be composed of damped whistlers near the standing
wave frequency, and the times at which whistlers were detected at all observed
frequencies coincided in our cases with the region In which small waves or .

steps were clearly visible in the magnetic record, the region consisting of

precursor, ramp, and plume.
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Electric plasma waves occur in the laminar shock and its precursor. In
one of our cases, noise at 7 kHz was concentrated at midramp, probably where
proton thermalization began and the solar wind flux underwent some fluctuations.
These fluctuations of the plasma flux appeared to form a pattern characteristic
of the shock, probably related to density gradients and current sheets in the

shock transition layer.

The measured period of standing precursor whistlers can be used to ob-
tain a reliable instantaneous bow shock velocity in the spacecraft frame, if
the upstream plasma parameters, as well as the field, are known. The method
for obtaining the shock velocity should work equally well for any quasi-
perpendicular (oblique} shock, whether it is laminar or not, as long as the

stationary upstream waves are discernible.
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Table 1.

Shock Thicknesses

Time At Vo AS n B Ve I My c/mpI bs/e/w,
(UT)  (Sec) (KM/Sec) (km) {em3)  {y) (Kn/Sec) (Deg) (Km)
1) 0049 13 55 720 1-2 13.5 430 64-66 1.5-2.1 160-230 3.1-4.5
74

2) 0215 4.6 49 226 1-2.5 13.0 326 73-80 1.2-1.8  143-230 1.0-1.6
3) 0223 9.2 11 101 1-2.5 12.5 387 75-7% 1.4-2.2 143-230 A-7
L) 1628 4 -100 400 1-2 7.5 273 84-88 1.7-2.4 160-230 1.7-2.5
5) 1325 4 -(80-120) (320-480) 1-2 9.0 -{242-282) 75 (1.2-2.0) 160-230 (2-3)
6) 1355 5.15 (62-93)  (320-480) 1-2 9.0  (h2h-U55) 75 (2.2-3.3) 160-230 (2-3)
7} 1741 6 (43-115) (260-690) 1-3 7.5 (443-515) 77-85{| (2.7-5.5) 130-230 (2-3)
8} 1752 No single ramp defined L7-66

0f 9bey



Table 2. Shock Velocities from Standing Wavelength

2ng 2
4 3 2 2 _ 2 2 _ __A < =
VSS + (2n\!Sw cos eVn)VSS + (sz cos BUn Ca )VSS [ T cos eBn wpi =0
21 cos eBn
L =/ <
d 2_ W,
MA 1 pi
" — c
Case Time Twave(sec) n VSS(Km/sec) VSS(Km/SEC) ASH(Km) ASW/G;; Ly AS/Ld
I 0049 11.5 1 51 55 663 2.9-4.6 587 1.13
2 23 299 1.3-2.1 265 1.13
5 1325 ) 1
2
6 1355 3.1 1 62.4 (62-93) 321 1.4-2(2-3) 193 1.7
2 32.0 165 .7¥-1.0 100 1.7

oi
4 1628 -100 400 1.7-2.5  16-110  3.6-25

[£ =2bed
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Figure 1. Summary view of the shock-crossing sequence of
12 February 1969. The circled numbers desig-
nated case numbers discussed in the text.
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Figure 2. Two adjacent magnetic profiles of the laminar
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Figure 3. Two profiles of the laminar shock at a resolution of 1.15 sec/
At Bhp © 657,

sample, with differing field-normal angle Ohg -

upper panel, the shock exhibits damped precursor oscillatians,
with a correspondingly broadened region of plasma wave noise

{dashed curve).

noise is narrowed to the shock ramp.

At Bhp = 78", the waves vanish and the electric
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Figure 5. Multi-channel view of the high-resolution
crossings as recorded by the X-axis loop of
the B ELF search coils.
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(a) ELF power spectra accompanying the high-resalution
crossing of 1355 UT. ({b) Behavior of the ELF 216 Hz
channel, below, and the 467 Hz channel, above, f in
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the solar wind as the ramp was crossed.
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0045 0050 UT

Figure 7. A pair of adjacent shock crossings showing
stationary upstream wave structure.
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(b)

Figure 8. Whistler polarization characteristics of the stationary
precursors of Figure 7; (a) individual polar diagrams of
the perturbation vectors in an approximate shock plane;
(b) conceptualization of the common whistler-wave polarij-
zation of the two precursors along the approximate shock
normal. The average upstream field is about 25° from the
shock plane, with its sensor jinward.
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Figure 9. Phase velocity vs frequency for the whistler
mode {Appleton-Hartree cold-plasma approxi-
mation) in the solar wind in cases 1 (solid
curves) and 4 (dashed curves).
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APPENDIX 1

WHISTLER PHASE AND GROUP VELOCITIES

The curves in Figure 8 of the text are based on the Appleton-Hartree,
quasi-longitudinal dispersion relation for cold plasma, justifled here by the
low Bi’ laminar conditions that prevailed for these observations. We refer
particularly to the QL-R expression of equation (50) of Stix (1962, p ko),
with the factors 1 and wpi'negiected, so o = wpe2/w2 and

2 2
-w -f
2 u.kzc2 c? pe - pe

w u, w(w-wcecos BnB) f(F-fcecos enB)

As the notation indicates, we are interested in phase velocity Un upstream

along the local shock normal at angle enB to the interplanetary field. For

any angle 6 to B the group velocity vector gg is given by Hg = g = k %%

£

+

=

1 dw 5 e = 1wy = OW o
8 TR but along n = k, ugn = gg n = Eg k = T When evaluated alge
i fon gi S u - -
braically from the expression given above for R ugn 2 u,
f 2y
pe _n

Elimination of k(= 2nf/u_) and some algebraic excercise
2,2 n
ck fcecos enB

ultimately yleld

ugn = 2 u {1 - f/fcecos BnB) .

hence u_ fu_ > 1 when f < l—f cos 8 ., i.e., whistler mode waves can advance
gn’n ‘ 2 ce nB
upstream along n only for frequencies less than half the electron cutoff fre-

guency in the normal direction.
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APPENDIX 11

BOW SHOCK VELOC!TY DERIVED FROM
STANDING WHISTLER WAVELENGTH

For laminar, oblique shocks, the wavelength Ad’ or Ld’ of the whistler

wave standing upstream in the unshocked plasma is given by the formula

c
Ld_ 7 mis (])
A P
where L Is measured along the shock normal (Morton, 1964). |If VSS is the

shock speed in the spacecraft frame, the apparent period of the standing wave

as it moves with the shock along the shock normal is
Tg = Lq/Vss - (2)

If spacecraft motion, seldom more than about 1 Km/sec along the bow shock
normal, is neglected, then the local velocity VSH of the shock with respect

to the ambient plasma is

VSH = sz cos an + VSS’ (3)

where an is the angle between the local normal and solar velocity V W’ and

S

VSS is defined as positive outward from the earth, i.e., positive when It
increases the velocity of the shock relative to the solar wind. The local

Alfvén mach number is given by
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where CA is the upstream Alfven velocity. Combination of all the above ex-

pressions yields the 4th degree equation in V..,

2mC,cos O
3 2 2 _ 2 2_ n =
R an)“ss + (vSw cos*B Ca )VSS ‘ 0 (&)

v %+ (2v

SS S

This equation may have more than one real root, necessitating some independent
criterion for selecting the one most probably correct. The measurements neces-

sary to obtain VSS are gsw (for B and eBn)’ NSW’ and sz, all upstream. In

addition, a local normal n must be estimated from a model shock surface to

.
obtain nB
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